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Referat 
This cumulative dissertation is a compilation of eight peer-reviewed, published 
scientific papers on the subject of two microscopic techniques of diffusion measurement, 
namely infrared (IR) microimaging and pulsed field gradient (PFG) NMR. The dissertation 
contains mainly five chapters. The first chapter introduces diffusion phenomena in general and 
concisely explains the importance and the current challenges of the investigation of molecular 
diffusion in nanoporous materials, which are the primary motivations behind the present work. 
To rise the challenges, it proposes an option of employing IR microimaging in parallel with 
PFG NMR in the measurement of the molecular diffusion. The second chapter describes the 
basic principles of the two diffusion measurement techniques and what they are capable of. 
Chapters 3 and 4 deliver convincing demonstrations of their applicability and potential in 
diffusion studies. Lastly, Chapter 5 concludes the present work by discussing complementary 
benefits of the two techniques, along with the novel application of the two-region model for 
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CHAPTER 1. Introduction 
Diffusion of either physical or non-physical substance is being observed and expected 
to be observed on every corner – in nature, society and the field of science and technology. 
Specific examples include spread of infectious diseases, incorporation of new words in 
languages and irregular movement of particles.[1] It is not surprising, therefore, that the 
underlying concept of this omnipresent phenomenon has been of central importance in 
understanding, predicting and, wherever possible, controlling mass transfer of constituents of 
ordinary matter, i.e. atoms and molecules.  
Amongst various studies of diffusive spreading events, the investigation of molecular 
diffusion proves particularly beneficial due to the fact that it always deals with an extremely 
large amount of diffusants – molecules of a given species in the order of Avogadro’s number. 
Also, the diffusants are all identical and their identity does not change over time, unless 
chemical reactions occur. Thus, compared to other diffusion studies, the measurement of the 
molecular diffusion bears statistical significance, thereby ensuring high reproducibility.  
However, the molecular diffusion in practice is not always simple and straightforward, 
especially when it takes place in small pores. The guest molecules diffusing through the pores 
in nanoporous host materials, which are generally referred to as the substances possessing pore 
structure with a pore size smaller than 100 nm, may exhibit “deviant behaviours”, being quite 
different from their normal diffusion in a bulk liquid or gas phase[2], due to the spatial restriction 
and the interaction with the pore walls. Such pore confinement effects on physicochemical 
processes including, besides the molecular diffusion, reaction, sorption and phase transition 
can vary dramatically according to the textural properties of the pores such as pore size and 
porosity.[2b, 3] Depending on the host-guest system under study, therefore, the overall mass 
transfer in nanoporous materials can possibly be highly intricate, as a result of associated 
physicochemical phenomena.  
Investigation of molecular diffusion in nanoporous materials has been at the core of 
research for decades.[4] One of the main reasons for this may be that the molecular diffusion in 
catalysts is a crucial factor affecting the overall catalytic performance in heterogeneous 
catalysis[5]: the production rate of value-added products can never exceed the – 
thermodynamically allowed – exchange rate between the intra-particle pore space and the 
particle’s surroundings.[4a, 6] It has been reported that the chemical industry contributed $5.7 
trillion to the global Gross Domestic Product (GDP) in 2017, which was equivalent to 7% of 
the world’s GDP.[7] It is also known that nowadays 80-90% of all chemical processes are 
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catalysed, and the overall contribution of catalysis to European economy is as large as 30% of 
its GDP.[8] As a consequence, a catalytic process is considered to be not only a quintessential 
chemical process but also a crucial part of modern societies. Needless to say, the primary 
purpose of the catalytic processes is to generate profits by achieving, for example, good 
economic performance. In order to improve the profitability of the processes (upgrading even 
from “economically viable” processes to “highly profitable” ones), one may have to maximise 
the catalytic performance by, inter alia, optimising the transport properties of the catalyst 
support. Therefore, having a penetrating insight into the molecular diffusion in the catalysts, 
which are usually nanoporous, is a necessity to achieve such optimisations, thereby ultimately 
increasing the production rate of the desired products, especially in a process where diffusion 
is the “rate-determining” step of the catalytic reaction, i.e. diffusion-controlled reaction. 
There are now a number of experimental techniques available to measure, either 
directly or indirectly, the diffusivities of guest molecules in nanoporous host materials. Some 
of the common techniques classified according to the measurement length scale and the 
conditions under which the mass transfer occurs are shown in Table 1.1. Amongst the modern 
diffusion measurement techniques, pulsed field gradient nuclear magnetic resonance (PFG 
NMR) would be one of the most established and widely used techniques, due to its multi-
purpose applications in not only every sphere of science but also healthcare and biomedical 
engineering sectors.[9] Furthermore, this non-invasive technique is particularly effective at 
measuring the “genuine” intracrystalline self-diffusivity in porous materials.[10] Therefore, it is 
true that a large amount of PFG NMR data of diffusion coefficients of hydrocarbon molecules 
in relatively simple porous materials like zeolite is readily available in literature. This, in turn, 
means that when studying mass transfer in a nanoporous host system with well-defined pore 
structures, one can have instant access to a wealth of information on the propagation conditions 
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 Gravimetric Sorption[12] 
 Frequency Response 
(FR)[13] 





 Positron Emission 
Profiling (PEP)[16] 




 Tracer Exchange[19] 
 Tracer ZLC[20] 
Mesoscopic 




 Tracer IRM 
Microscopic 
 Microimaging by 
Interference 
Microscopy (IFM)[23]  
 Microimaging by 
IRM[21b, 23e, 24]  
 
 Pulsed Field 
Gradient NMR (PFG 
NMR)[25] 
 Stray Field Gradient 
NMR (SFG NMR)[26] 
 Quasi Elastic Neutron 
Scattering (QENS)[27] 
 
Unfortunately, PFG NMR alone cannot elucidate all the transport and adsorption 
phenomena in nanoporous materials. Even though the applicability of PFG NMR has been 
gradually expanded for physical-chemical-medical use over the past decades, it is still often 
restricted by, e.g. very low molecular motilities[28] and presence of paramagnetic impurities in 
the sample[29], resulting in shorter NMR relaxation times. Also, the measurement of diffusion 
in nanoporous materials is additionally challenging since the materials are not available as 
homogeneous and quasi-infinitely extended entities. As a consequence, the associated 
diffusivities may become a function of the displacements over which, in a given experimental 
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setup, the diffusion paths of the molecules are recorded. Recent progress in combining 
conventional PFG NMR diffusion measurement with magic angle spinning (MAS)[28, 30] was 
achieved in an attempt to improve the spectral resolution of the conventional PFG NMR and 
overcome its limitations, thereby obtaining new information which had hitherto remained 
inaccessible by the conventional PFG NMR and any other measurement techniques. 
Despite the technical advancement of the measurement techniques and continuing 
research efforts in the field of molecular diffusion, there are still challenges pertaining to the 
quantification of mass transfer, especially in complex nanoporous systems. Complex 
composite materials accommodating integrated pore networks such as mixed matrix 
membranes (MMMs)[24, 31], metal-organic framework (MOF) based composites[32] and 
hierarchically porous materials[3b, 33], which are generally inhomogeneous and anisotropic, 
have attracted widespread attention and investment over the last decade. It is mainly due to 
their outstanding performance – compared to “simple” nanoporous materials, e.g. purely 
microporous zeolites – and immense potential in various adsorptive or catalytic processes.[33a, 
34] To build such composite materials, typically, a host matrix with application-specific 
functionality and “reinforcing additives” which can tune its transport property are coalesced. 
For example, MMMs were initially developed by embedding the so-called fillers, e.g. carbon 
nanotube, graphene and MOF, into a polymer matrix in order to overcome one of the major 
limitations of pure polymeric membranes, namely the inevitable trade-off between 
permeability and selectivity in gas separation processes.[31a, 35] Depending on the pore structure 
of the filler, it may act as a transport “highway”, significantly enhancing the permeability 
through the polymer matrix in parallel with an enhancement of its selectivity. In the case of 
hierarchically porous materials which are promising candidates for catalyst supports, on the 
other hand, a network of (meso- and/or macroporous) transport pores is incorporated into 
microporous bulk phase in order to, for examples, achieve transport enhancement and inhibit 
coke formation, which is a universal problem in catalytic processes.[36] 
The development and proliferation of such “sophisticated” nanoporous systems via a 
combination of academic push and industrial pull is still continuing, owing to a plethora of 
their functional benefits.[20c, 33a, 34a, 37] However, the problem is that the diffusion measurement 
techniques have not yet reached the same level of sophistication and specialisation as the state-
of-the-art materials. A higher degree of pore structure heterogeneity of those materials makes 
the overall mass transfer within the pores dependent on a multitude of parameters, being 
affected by the geometry of the pore space and the host–guest interaction. In addition to the 
individual pore spaces, the interfacial regions between them should be taken in account too. 
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Hence, depending on the nature of the guest molecule under consideration, different pore 
subspaces within the composite materials may contribute quite differently to the overall mass 
transfer. Quantitation of these contributions is apparently amongst the challenges of current 
research.[38] 
Recently, there were elaborate attempts to break down an effective diffusivity into 
individual physicochemical phenomena, whilst considering interfacial dynamics, by means of 
a multiscale simulation approach.[39] Such a simulation approach will help gain a better grasp 
of molecular diffusion in the nanoporous composite materials in which multiple structural 
elements (or differently sized pores) are mutually interconnected and compatible. Furthermore, 
it could be particularly beneficial when it is combined with experimental evidence and 
theoretical models. However, the complexity of the various influences possibly affecting the 
overall mass transfer in the materials is yet a major challenge facing diffusion measurement 
techniques. 
In order to rise to this challenge, it may be required to adopt more than one microscopic 
techniques of diffusion measurement simultaneously. As indicated in Table 1.1, different 
microscopic techniques have different measurement length scales and operate under different 
thermodynamic states, i.e. either equilibrium or non-equilibrium conditions. Consequently, 
implementation of the different microscopic techniques in parallel may gather unique pieces of 
information about molecular diffusion, and ultimately offer the chance of seeing the bigger 
picture of what is occurring within the pores of the complex systems, which can be possibly 
used for a rational design of purpose-specific, nanoporous materials. 
This present work focuses squarely on two microscopic techniques of diffusion 
measurement: PFG NMR and microimaging by infrared microscopy (IRM). By using the two 
microscopic techniques in parallel, as long as the guest-host system under study is applicable 
to both, one may derive complementary benefits of the techniques, namely, improvement of 
data reliability, evaluation of crystal-to-crystal conformity and exchange of relevant knowledge, 
data, concepts and theories. 
Infrared microscopy (IRM), also referred to as FTIR microspectroscopy or micro-FTIR 
spectroscopy[40], is a relatively new technique compared to PFG NMR, but is a highly versatile 
technique for the measurement of molecular diffusion in nanoporous materials. As shown in 
Table 1.1, the IRM allows, under non-equilibrium conditions, “macroscopic” diffusion 
measurements (with beds of crystals/particles) as well as “mesoscopic” diffusion 
measurements (with a single crystal/particle), in principle, without restriction in the upper limit 
of the observation time.[4a] Hence, unlike PFG NMR, the lower limit of the diffusivities that 
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can be measured in the transient sorption measurements via IRM is arbitrarily small.[15] The 
IRM also has a big advantage of being able to record the evolution of the concentration of 
individual molecular species in a multi-component mixture as a function of observation time, 
which cannot be offered by the sister microscopy technique, interference microscopy (IFM). 
Furthermore, its microimaging technique, the very essence of IRM, facilitates colour-coded 
visualisation of local guest concentration within a single crystal/particle. By monitoring the 
local concentration of the guest molecules and its variation in space and time, this “microscopic” 
technique of diffusion measurement has certainly promoted in-depth studies of mass transfer 
in the nanoporous materials.  
The expected benefits of the complementarity of PFG NMR and IR microimaging are 
as follows: first, crystal-to-crystal conformity can be examined. It was reported that crystals 
even from the same batch could exhibit different contributions of “surface barrier” to the 
overall transport resistance.[41] This crystal-to-crystal variation in surface barrier cannot be 
detected by PFG NMR, but by IR microimaging which deals with individual crystals. Such 
information is crucial not only for the interpretation of the collected diffusion data but also in 
the search for the origin of the surface barrier. 
Second, data reliability can be improved. If there exists substantial transport resistance 
in the external crystal/particle surface, the uptake and release are controlled by the permeation 
through this surface barrier rather than by intracrystalline/intraparticle diffusion. In this case, 
depending on the observation time, data analysis based on diffusion limitation may give rise to 
a wrong estimation of the diffusivity, deviating from the genuine intracrystalline/intraparticle 
diffusivity. The risk of such misinterpretation of the experimental data can be effectively 
reduced by comparing the results of two totally independent measurements. For example, 
uptake (or release) curves produced by IRM during transient adsorption (or desorption) are, in 
fact, equivalent to PFG NMR tracer-desorption curves. Hence, side-by-side comparison of the 
results from PFG NMR tracer-desorption and IR microimaging of uptake and release may 
ensure the quality and reliability of the obtained experimental data, and also reveal the presence 
of the surface barrier. In addition, the diffusivity data collected by PFG NMR and IR 
microimaging can be cross-checked on the basis of the correlation between self-diffusivity and 
transport diffusivity, resulting from application of the classical transition state theory.[42] Under 
the certain conditions to which the transition state theory can be applied, therefore, the 
reliability of the diffusion data from the two independent techniques can be double-checked. 
Last but not least, theoretical models and related concepts can be shared and even 
developed further. PFG NMR is a well-established field, accumulating manifold theoretical 
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models and related concepts which translate the language of nuclear spins into the 
comprehensible diffusion data. Such models and concepts, in some cases, even serve a useful 
purpose in fitting and understanding the data of IR microimaging. “Two-region model” is a 
good example: it was originally introduced as an approach for simplifying the analysis of PFG 
NMR diffusion data in beds of zeolite crystals and has found a broad range of applications in 
NMR diffusometry with compartmented systems. By achieving the dimension-dependent, 
analytical solutions of the underlying equations of the two-region model, in the form of 
concentration rather than PFG NMR signal attenuation, it was possible to successfully predict 
the evolution of the concentration profiles in hierarchically porous materials, which was typical 
information accessible by the IR microimaging technique. In other words, as long as the 
hierarchically porous material is applicable to IR microimaging, its experimental results, e.g. 
concentration profiles, can be fitted with the two region model. This “knowledge transfer” from 
the field of PFG NMR to that of IR microimaging, whilst employing the two techniques in 
parallel, may open up new possibilities for exploiting the potential of the IR microimaging 
technique in microscopic diffusion measurements with highly complex nanoporous materials. 
 Within the framework of a doctoral dissertation, this present work addresses, along 
with the convincing demonstrations of the applicability and potential of IR microimaging and 
PFG NMR, the possible benefits resulting from the combination of the two separate but 
complementary techniques in microscopic diffusion measurements. The basic principles of the 
two diffusion measurement techniques are briefly explained in Chapter 2. In Chapter 3, various 
IR-diffusion studies, including but not limited to microscopic measurement (i.e. IR 
microimaging), are presented to demonstrate the versatility and capability of IRM. Chapter 4.1 
is a comprehensive survey of the history of PFG NMR, expounding the paradigm shift in 
perspective on intracrystalline diffusion in nanoporous materials, followed by Chapter 4.2 
showing a particular application of PFG NMR, namely structural characterisation of a 
hierarchically porous material by NMR cryo-porometry and -diffusometry. Chapter 5 
concludes the present work by discussing complementary benefits of IR microimaging and 
PFG NMR, including a novel application of the two-region model for assessing mass transfer 
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CHAPTER 2. Basics of diffusion measurement techniques 
2.1. Introduction to infrared microscopy (IRM) 
The working principle of infrared microscopy (IRM) is briefly discussed below, 
followed by an overview of its experimental setup. Detailed descriptions of the technique can 
be found elsewhere.[40, 43] 
2.1.1. Working principle 
When matter is exposed to electromagnetic radiation, the radiation can be absorbed by 
the molecules in the matter, thereby exciting them to a higher vibrational level, as long as the 
frequencies of the molecular vibrations and rotations match the spectral range of the incident 
light. Infrared microscopy (IRM) measures, in particular, the absorption of the IR light by the 
molecules in the sample under study, in the range of their characteristic IR absorption bands in 
IR spectrum. Since the advent of spectrometers using Fourier transform in the mid-1960s, the 
FTIR spectrometer became the norm, especially in mid-infrared (MIR) spectroscopy whose 
spectral range is from 4000 to 400 cm-1 wavenumbers in which most of the fundamental 
vibrations are excited.[44] 
Figure 2.1 illustrates the working principle of IRM. IR light emitted from a 
polychromatic IR source is directed to a Michelson interferometer (Figure 2.1a), passes through 
the sample under study and then is focused onto the detector. Due to the moving mirror, the 
two beams, which are split and recombined at the beam splitter, have a difference in path length 
of 2𝛿, thereby generating a interference pattern. Since the IR light is a polychromatic light 
composing a number of different wavelengths, slightly different interference patterns emerge 
for each wavelength. At the zero difference in path length, i.e. 2𝛿 = 0, however, all the 
interference patterns exactly coincide, i.e. the light waves being in phase. As a consequence, 
the combined beams of the IR light for all the wavelengths undergo constructive interference 
at this mirror position. The summation of the interference patterns measured at the detector is 
called “interferogram” and its intensity is therefore a maximum value at the mirror 
displacement of 𝛿 = 0.  
Since the intensity of the resulting interferogram depends on the mirror displacement 
(or optical retardation), it is important to track the moving mirror precisely. Such tracking of 
the mirror can be possible by means of a monochromatic light emitted by a reference laser, e.g. 
a HeNe laser, whose interferogram exhibits a uniform and constant distance between zero-
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crossings, i.e. linear (interference) fringe width (see Figure 2.1b). The IR interferogram is then 
digitalised at the zero-crossings of the reference laser fringes.  
The digitalised interferogram, as discrete data points rather than a continuous function, 
is converted via discrete Fourier transform (DFT) to a “single beam spectrum” (also called 
“single channel spectrum”) as a function of wavenumber ν̅.  
In order to produce either a transmission spectrum or an absorption spectrum, two 
single beam spectra are required: reference spectrum and sample spectrum. The IR 
interferogram measured without any sample results in the reference spectrum, whilst the 
sample spectrum is from the IR interferogram measured with a sample placed in the optical 
path, which absorbs some of the IR light. Finally, the transmission spectrum (or transmittance 





where 𝐵reference  and 𝐵sample are single beam intensities of the reference spectrum and the 
sample spectrum, respectively. 
Depending on the purpose of the measurement, the absorption spectrum may be 
preferred to the transmission spectrum since the absorbance 𝐴 is directly proportional to the 
concentration of the guest species 𝑐, according to the Beer-Lambert law: 
 𝐴 = 𝛼𝑚 ∙ 𝑐 ∙ 𝑑 (2.2) 
where 𝛼𝑚 is absorptivity of the guest species and 𝑑 is optical path length. 
 The absorption spectrum can be calculated directly from the two single beam spectra 
due to the following relation between the absorbance 𝐴 and the transmittance 𝑇: 













Figure 2.1. (a) Schematic diagram of a Michelson interferometer with a reference laser. (b) IR 
signal detected by the detector, i.e. IR interferogram is, is digitalised at zero crossings of the 
laser reference fringes. (c) Single beam spectrum via Fourier transform of the interferogram. 
(d) Adsorption spectrum plotted from single beam reference spectrum and single beam sample 
spectrum. (Adapted from [11c]) 
 
2.1.2. Experimental setup 
Figure 2.2. shows a typical experimental setup of IRM. An FTIR microscope (middle; 
Hyperion 3000, Bruker Optik GmbH, Ettlingen, Germany) is connected to a vacuum FTIR 
spectrometer (left; Vertex 80v, Bruker Optik GmbH, Ettlingen, Germany) which contains an 
internal IR source and the actively aligned UltraScan™ interferometer which covers a very 
broad spectral range from 5 cm-1 in the regime of far IR/terahertz to 50000 cm-1 in the regime 
(a) (b) 
(d) (c) 
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of visible/ultraviolet. The microscope is equipped with two detectors: single element (SE) 
detector and focal plane array (FPA) detector. The former is typically used to measure single 
IR absorption spectra and integral uptake curves, whereas the latter is exclusively used for IR 
microimaging, producing coloured contour maps of the concentration of the chosen species. 
The microscope is extensively controlled by a software called OPUS, with which data 
acquisition at chosen spectral and temporal resolutions and data processing including Fourier 
transform can be carried out.  
By adjusting the size and the position of the aperture of the microscope, it is possible 
to measure not only beds of crystals/particles and membranes, but also single crystals/particles. 
The sample under study is placed in the centre of a quartz optical cell (bottom; Infrasil®, Starna 
GmbH, Pfungstadt, Germany; window inner diameter 19 mm, path length 5mm), which is 
mounted on the motorised platform under the microscope. The cylindrical tube of the optical 
cell is connected to a static vacuum system (right; stainless steel, 1/4” Swagelok tubing and 
valves) consisting of a pumping station (HiCube 80 Classic, Pfeiffer Vacuum GmbH, Asslar, 
Germay), cylindrical gas reservoirs and pressure transducers measuring gas pressure in the 
range of 10-6 to 104 mbar. Pressure step change in the gas phase within the optical cell is 
accomplished within a fraction of a second after opening the entrance valve between the optical 
cell and the gas reservoir. The final gas phase pressure within the optical cell is effectively 
maintained at a desired value due to the relatively large volume of the gas reservoir compared 
to the volume of the optical cell.  




Figure 2.2. Picture of IRM setup with a sketch of IR optical cell. (Adapted from [11c]) 
 
With this experimental setup, three different types of information can be obtained. First, 
sorption isotherms can be produced. Using the SE detector one can capture single IR absorption 
spectra (with a typical spectral resolution of 4 cm-1) at different pressures. As the gas phase 
pressure changes, the concentration of the guest molecules within the sample also varies 
accordingly, and this variation can be observed in the IR absorption spectra. By calculating a 
specific area under the spectrum at each pressure, which corresponds to the characteristic IR 
absorption band of the guest molecule, a sorption isotherm in relative units can be produced. 
In order to display it in absolute units, post-calibration with the results of other sorption 
measurements, e.g. gravimetric sorption, is needed.  
Second, fractional uptake and release curves can be obtained. In time-resolved, 
molecular uptake and release measurements the SE detector can measure the evolution of the 
concentration of the guest molecules in the sample, with a spectral resolution of, for example, 
16 cm-1 and a temporal resolution ranging from a fraction of a second to a few seconds –
depending on the number of scans. An integration of the time-resolved spectrum, once again, 
over the characteristic IR absorption band of the guest molecule yields a fractional uptake (or 
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release) curve. In addition, transport diffusivities can be estimated by fitting the uptake curves 
with analytical solutions of differential equations of diffusion. Comprehensive information on 
the underlying diffusion equations and the corresponding solutions can be easily found in 
textbooks.[45] 
Last, the local concentration of the guest molecules within the sample can be “mapped” 
via IR microimaging. By means of the FPA detector which can measure 128 x 128 spectra 
simultaneously, the concentration integral along the IR light pathway can be visualised in 
340 x 340 μm coloured images (on the observation plane) with a pixel resolution of ca. 2.7 μm 
(with 15x objective). Application of another objective with higher numerical aperture may 
possibly achieve a higher pixel resolution and hence a higher lateral resolution in the images. 
Such microscopic visualisation is particularly useful to monitor subtle changes in molecular 
distribution during transient sorption measurements, i.e. uptake and release. By doing so, one 
can confirm the presence of the surface barrier at the external boundary of the sample by 
looking at the colour change at the boundary and also the heterogeneity of the sample by 
following the “diffusion front”. Furthermore, the two-dimensional maps of the concentration 
obtained via IR microimaging are often converted to one-dimensional concentration profiles 
along either axis on the observation plane, in order to perform comparative analysis with 
theoretical models such as the two-region model. 




Figure 2.3. (a) A giant crystal of Zn-MOF-74 in Viewing Mode under the IR microscope. (b) 
IR absorption spectra at different pressure. (c) Adsorption isotherm in relative units. (d) Time-
resolved IR absorption spectra. (e) Molecular uptake curve. (f) Coloured contour map of 
concentration of guest molecules. (g) One-dimensional concentration profiles at different times. 
 
2.2. Introduction to pulsed field gradient nuclear magnetic resonance (PFG NMR) 
This sub-chapter serves as a quick introduction to self-diffusion and describes the basic 
principles of (PFG) NMR relevant to the present work. Detailed information about self-
diffusion measurements and relevant theory can be found elsewhere.[10b, 10c, 46] 
2.2.1. Self-diffusion and propagator 
Under equilibrium conditions, i.e. in the absence of concentration gradient inside the 
crystals/particles under consideration, molecules with thermal energy undergo the Brownian 
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This particular molecular movement is called self-diffusion and it can be mathematically 
expressed by the well-known Einstein relation: 
 〈(𝑟 − 𝑟0)
2〉 = 6𝐷𝑡 (2.4) 
where 𝑡 is time, 𝐷 is self-diffusion coefficient and 〈(𝑟 − 𝑟0)
2〉 is mean square displacement 
between the initial position 𝑟0 and another position 𝑟 after time 𝑡. 
 On the other hand, as soon as a concentration gradient is generated, i.e. becoming non-
equilibrium conditions, the molecules, irrespective of the Brownian motion, give rise to a net 
flux in the direction of decreasing concentration. This directed flux of the molecules, i.e. 
transport diffusion, can be represented by the famous Fick’s 1st law of diffusion[47]: 
 𝐽 = −𝐷T∇𝑐 (2.5) 
where 𝐽 is molecular flux, 𝐷T is transport diffusion coefficient and 𝑐 is concentration of the 
molecules. 
 It is interesting that this directed flux of the molecules can be also observed 
macroscopically even under (macroscopic) equilibrium conditions, if the molecules are 
“labelled”. In the case of self-diffusion by tracer exchange where labelled molecules diffuse 
through an environment of identical but unlabelled molecules, e.g. different isotopes, despite 
uniform overall concentration, the labelled molecules exhibit a directed flux closely analogous 
to that in the transport diffusion: 
 𝐽∗ = −𝐷∇𝑐∗ (2.6) 
where 𝐽∗ and 𝑐∗ are molecular flux and concentration of the labelled molecules, respectively. 
It should be noted that the factor of proportionality between the gradient of the concentration 
of labelled molecules and their (negative) flux in Equation (2.6) is self-diffusion coefficient 𝐷 
which is the same as the one in Equation (2.4). This, in turn, means that the self-diffusion 
coefficient 𝐷  can be determined by measuring the time and space dependence of the 




= 𝐷∇2𝑐∗(𝑟, 𝑡) (2.7) 
Solving Equation (2.7) with the initial condition of a point source, i.e. 𝑐∗(𝑟, 0) = 𝛿(𝑟 − 𝑟0), 
yields (three-dimensional) “propagator”[48] which is conditional probability of finding a 
molecule at time 𝑡  in the volume element d𝑟  at position 𝑟 , which was initially located at 
position 𝑟0. The solution is known to be a Gaussian function of the following form: 
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Equation (2.8) essentially describes the propagation of the labelled molecules from the initial 
position 𝑟0 to three-dimensional space with increasing time 𝑡 via self-diffusion.  
 
Figure 2.4. Different types of molecular diffusion. (a) Self-diffusion under equilibrium 
conditions: uniform concentration. (b) Transport diffusion under non-equilibrium conditions: 
presence of concentration gradient. (c) Self-diffusion by tracer exchange: uniform overall 
concentration. (Adapted from [49]) 
 
2.2.2. Theory of PFG NMR 
In the classical description of nuclear magnetic resonance (NMR), all nuclear spins 
within a spatially homogeneous magnetic field 𝐵0  (typically, oriented in the 𝑧 -direction) 
precess at the same frequency called Larmor frequency 𝜔0, irrespective of their position: 
 𝜔0 = −𝛾𝐵0 (2.9) 
where 𝛾 is gyromagnetic ratio. In equilibrium, more nuclear spins are present in the α state, i.e. 
the upper precessional cone, as shown in Figure 2.5. Hence, the bulk magnetisation 𝑀, which 
is the vector sum of the magnetic moments of the individual nuclei, is aligned with the direction 
of the external magnetic field 𝐵0, i.e. 𝑀 at equilibrium ∥ 𝐵0. The bulk magnetisation 𝑀 can 
be perturbed by radiofrequency (RF) pulses, and especially a π/2  RF pulse transforms 
longitudinal magnetisation into transverse one, which still rotates at the Larmor frequency on 
the plane perpendicular to the direction of the external magnetic field 𝐵0. 
 
 
(a) (b) (c) 




Figure 2.5. Larmor precession of nuclear spins within a spatially homogeneous magnetic field 
𝐵0 and the aligned bulk magnetisation 𝑀 at equilibrium. (Adapted from 
[50]) 
 
 In PFG NMR, “rectangular” gradients with constant strength 𝑔, so-called field gradient 
pulses, are additionally applied for a short period 𝛿 and superimposed on the external magnetic 
field 𝐵0, thereby creating a “linear” spatial change in the magnetic field in the 𝑧-direction.  
 𝐵(𝑧) = 𝐵0 + 𝑔𝑧 (2.10) 
As a consequence, the precession of the nuclear spins becomes a function of the position 𝑧. 
 𝜔(𝑧) = −𝛾(𝐵0 + 𝑔𝑧) (2.11) 
In this way, the first field gradient pulse is meant to “encode” the spatial information of the 
individual nuclear spins by dephasing the vectors of the transverse magnetisation, whilst the 
second field gradient pulse in the opposite direction is to “decode” the spatial information by 
completely restoring the magnitude of the transverse magnetisation 𝑀𝑥,𝑦, i.e. rephasing.   
 However, if the nuclear spins change their position along the 𝑧-direction via self-
diffusion during the observation time ∆  which is the time interval between the two field 
gradient pulses with an assumption that δ ≪ ∆, the dephasing effect of the first field gradient 
pulse cannot be fully compensated by the rephasing effect of the second field gradient pulse. 
As a result, the magnitude of the transverse magnetisation is reduced and this reduction is 
detected by PFG NMR as “signal attenuation”.   
 The PFG NMR signal is proportional to the magnitude of the transverse magnetisation 
𝑀𝑥,𝑦 which is proportional to the sum of the real components of Euler’s formula: 
 𝑀𝑥,𝑦 ∝ ∑ cos 𝜙𝑖
𝑖
 (2.12) 
where 𝜙𝑖 is phase angle of spin 𝑖, the difference between the average phase and the actual phase 
of spin 𝑖. 𝜙𝑖 is given by the relation: 
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 −𝜙𝑖 = ∫ 𝛾(𝐵0 + 𝑔𝑧𝑖)d𝑡 − ∫ 𝛾𝐵0d𝑡 = 𝛾𝛿𝑔(𝑧𝑖,1 − 𝑧𝑖,2) (2.13) 
where 𝑧𝑖,1(2) denotes the position of the 𝑖th spin in the 𝑧-direction during the first (second) field 
gradient pulse. Therefore, if there is no diffusion of molecules, and hence of nuclear spins, 
during the observation time ∆ , the positions 𝑧𝑖,1  and 𝑧𝑖,2  will be equal and the transvers 





= ∬ cos[𝛾𝛿𝑔(𝑧1 − 𝑧2)] 𝑝(𝑧1)𝑃(𝑧2, 𝑧1, ∆)d𝑧1d𝑧2 (2.14) 
Where 𝑀0 is (transverse) magnetisation without application of field gradient pulses and 𝑝(𝑧1) 
is a priori probability of finding a molecules in the line element d𝑧 at position 𝑧1 and for the 
initial condition of a point source, i.e. the Dirac delta function, 𝑝(𝑧1) = 1 . 𝑃(𝑧2, 𝑧1, ∆) is 
“reduced propagator” which is similar to the three-dimensional propagator in Equation (2.8) 
but one-dimensional (in the 𝑧-direction) instead, after integration over the 𝑥 and 𝑦 coordinates, 
and can be written as: 








Simplifying Equation (2.14) yields: 
 Ψ(∆, 𝛿𝑔) = 𝑒𝑥𝑝(−𝛾2𝛿2𝑔2𝐷∆) (2.16) 
From this, the coefficient of self-diffusion 𝐷 can be determined. Depending on the purpose of 
the PFG NMR measurement, different pulse sequences can be used and the “diffusion time” 
should be changed accordingly. For example, the diffusion time is (∆ −
𝛿
3
) in the case of Hahn 






) in 13-interval sequence (Figure 
2.6b). 




Figure 2.6. PFG NMR pulse sequences: (a) Hahn echo pulse sequence and (b) 13-interval 
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CHAPTER 3. Applicability and potential of IRM 
This chapter focuses on demonstrating the enormous potential of infrared microscopy 
(IRM), along with four selected studies of adsorption and diffusion of guest molecules in 
nanoporous materials.  
In Publication 3.1, the chain length dependence of the uptake of n-alkanes in zeolitic 
imidazolate framework ZIF-4, which was known to exhibit flexible lattice structures, was 
studied. In uptake measurements by means of the single element (SE) detector on an 
agglomerate of small ZIF-4 crystals, the single- and two-component uptake measurements 
were carried out, and it was found that the transport diffusion coefficient of n-pentane was 
greater than that of n-butane. Due to the faster uptake of n-pentane in the two-component 
uptake measurements (with binary mixtures of n-butane and n-pentane), the phenomenon of 
“overshooting”[23d] was also observed. Such a non-monotonic pattern or periodic rise and fall 
of the diffusivities with increasing n-alkane chain length was seen to occur due to the so-called 
“window effect” when the size of the guest molecules were incommensurate with the size of 
the cages. This experimental message was fully supported by the results of grand canonical 
Monte Carlo simulations which showed that n-butane was able to sit within the ZIF-4 cage by 
adopting a coiled configuration, whereas n-pentane was too long to be fitted in the single cage, 
thereby opening up the windows, which may have been correlated with a penchant for the 
anomalously high jump rates between the adjacent cages. This study not only provides robust 
experimental evidence of the window effect which was scarcely available, but also clearly 
shows the capability of IRM with the SE detector: obtaining reliable adsorption isotherms and 
molecular uptake curves – even for binary mixtures.    
In other studies, on the other hand, the IR microimaging technique – with the focal 
plane array (FPA) detector – was extensively used. In Publication 3.2, IR absorption images of 
adsorbed CO2 in neat Co-MOF-74 and tetrathiafulvalene (TTF)-infiltrated Co-MOF-74-TTF 
were captured to study the change of the adsorption properties after the TTF infiltration. Since 
the crystals of the two materials are uniformly shaped with comparable thickness, their CO2 
adsorption indicated by the colour in the images was directly compared. A dramatic reduction 
in the amount of the adsorbed CO2 in Co-MOF-74-TTF, which was due to the TTF molecules 
infiltrated into the pores, was vividly visualised in the coloured images.  
Publication 3.3 is another study where IR microimaging is used for characterisation of 
the sample. By recording the evolution of the adsorbed CO2 concentration in ZIF-8@6FDA-
DAM mixed matrix membrane (MMM), it was observed that the CO2 molecules rapidly spread 
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from the ZIF-8 filler to the surrounding polymer. Therefore, IR microimaging “graphically” 
proved that the filler was acting as a “highway” for CO2 mass transfer, accelerating the overall 
uptake or the permeance in the MMM. In addition to revealing the transport properties, IR 
microimaging succeeded in, for the first time, confirming the formation of a high-CO2-
concentration layer at the filler/polymer interface visually. This experimental finding was 
supported and explained by molecular modelling: a computational methodology combining 
density functional theory (DFT) and force-field based calculations predicted the presence of 
“microvoids” at the interface, which could trigger the formation of the high-CO2-concentration 
layer. 
Lastly, Publication 3.4 shows the quintessence of IR microimaging. Since IR 
microimaging measures only the concentration over the observation plane, it is not possible to 
detect the concentration variation in the observation direction. Due to this limitation, it is 
necessary to confine the molecular diffusion to the observation plane – perpendicular to the 
observation direction – by sealing the external surface of the samples with three-dimensional 
pore systems. Therefore, the surface of the MFI-type zeolite crystal in the study was also sealed 
via atomic layer deposition, except one open side through which the guest molecules could 
enter the crystal. Observing the “diffusion front” which proceeded from the open side to the 
interior along the crystal’s longitudinal extension, IR microimaging successfully produced one-
dimensional, transient concentration profiles for different times. The obtained profiles were 
analysed in comparison with the solutions of relevant diffusion equations, disclosing 
information about, inter alia, the presence of surface barrier and the diffusion anisotropy. This 
type of experimental approach, namely mapping the local concentration within a single crystal, 
after appropriate surface coating procedure, and providing valuable information regarding its 
transport properties including diffusivity and influence of surface barrier, is applicable to many 
other nanoporous materials and particularly useful in characterising candidate materials for the 
catalytic processes which have very tight tolerances for surface defects and require the crystal-
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Abstract: Molecular diffusion is commonly found to slow down with increasing molecular size.
Deviations from this pattern occur in some host materials with pore sizes approaching the diameters
of the guest molecules. A variety of theoretical models have been suggested to explain deviations
from this pattern, but robust experimental data are scarcely available. Here, we present such data,
obtained by monitoring the chain length dependence of the uptake of n-alkanes in the zeolitic
imidazolate framework ZIF-4. A monotonic decrease in diffusivity from ethane to n-butane was
observed, followed by an increase for n-pentane, and another decrease for n-hexane. This observation
was confirmed by uptake measurements with n-butane/n-pentane mixtures, which yield faster
uptake of n-pentane. Further evidence is provided by the observation of overshooting effects,
i.e., by transient n-pentane concentrations exceeding the (eventually attained) equilibrium value.
Accompanying grand canonical Monte Carlo simulations reveal, for the larger n-alkanes, significant
differences between the adsorbed and gas phase molecular configurations, indicating strong
confinement effects within ZIF-4, which, with increasing chain length, may be expected to give
rise to configurational shifts facilitating molecular propagation at particular chain lengths.
Keywords: ZIF-4; n-alkanes; transport diffusivity; commensurate/incommensurate adsorption;
GCMC simulation
1. Introduction
Among numerous recent studies of metal-organic frameworks (MOFs), a large portion of them
have been focused on zeolitic imidazolate frameworks (ZIFs) due to their structural flexibility and
high thermal and chemical stability, which are important for applications in gas separation and
storage [1–4]. In particular, ZIF-4, which exhibits remarkable structural flexibility and undergoes
a phase transition with temperature variations, has attracted great attention [5,6]. The significant
potential of ZIF-4 for adsorptive separation of olefins and paraffins was already studied [4], and its
new scale-up synthesis route to become a commercial adsorbent for gas separation processes was
recently reported in literature [7].
The present study reports, with infrared microscopy (IRM), a non-monotonic chain length
dependence of the transport diffusivities of n-alkanes in ZIF-4. First claims of having observed
Molecules 2018, 23, 668; doi:10.3390/molecules23030668 www.mdpi.com/journal/molecules
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anomalies of this type with n-alkanes in microporous materials date back to 1973 when
R.L. Gorring recorded molecular uptake rates of n-alkanes from ethane to tetradecane in beds of
crystallites of zeolite T [8]. The diffusivities resulting from his analysis were found to monotonically
decrease from ethane to octane over more than two orders of magnitude, followed by an increase
up to dodecane over two orders before, with further increasing chain length, the diffusivities once
again continued to decrease. With reference to the “window” in the carbon numbers, over which
the normally expected behavior appeared to be interrupted, the (seeming) anomaly has become
known under the term “window effect”. This term is still in use, even if the postulated effect is today
known to be an artifact, which has been caused by a number of unjustified simplifications in data
analysis [9]. Subsequent, more stringent measurements did not reveal any indication of deviations
from a monotonic decay of the diffusivities of n-alkanes in zeolite T [10,11].
Gorring’s postulation, though incorrect, triggered a most productive search for the conditions
under which guest molecules give rise to diffusivities rising rather than falling with increasing
chain length in microporous host systems. For the thus developed models different terms
came into common use, including “resonant diffusion” [12,13], “levitation effect” [14,15],
“commensurate adsorption” [16–19] and “incommensurate diffusion” [19–21]. The scenario of
the commensurate/incommensurate adsorption and diffusion was, in particular, evidenced by
configurational-bias Monte Carlo (CBMC) and grand canonical Monte Carlo (GCMC) simulations
revealing the configurations of guest molecules under confinement by the host material [16,22–24].
All these simulations left no doubt about the possible existence of anomalies in the chain length
dependence of guest diffusion in microporous host materials and that, given the appropriate system,
these anomalies should be experimentally accessible. Attaining such experimental evidence, however,
is complicated by the fact that diffusion measurement with microporous materials is, as a rule, subject
also to influences different from diffusion [25,26] impeding the measurement accuracy. Thus, the—most
likely rather modest—effects of chain length anomalies might be within the limits of measurement
accuracy. This has been the situation with diffusion measurements of n-alkanes in zeolite NaCaA [27]
where, in pulsed-field gradient nuclear magnetic resonance (PFG NMR) measurements, the chain length
dependence of the diffusivities is found to exhibit but a weak maximum around n-decane, with a slightly
more pronounced effect observed with the diffusivities determined by quasi-elastic neutron scattering
(QENS) around n-dodecane [28]. A related situation was met in the search for experimental evidence
of the levitation effect where, in QENS diffusion studies with pentane isomers in FAU type zeolites,
diffusivities could in fact be seen to increase with increasing molecular critical diameters [29] while the
PFG NMR diffusivities showed the usual trend of decreasing with increasing molecular diameters [30].
Such differences in the message of QENS and PFG NMR, however, may be referred to the existence of
internal transport resistances [31] by, e.g., stacking faults [32] if their mutual distances (“spacings”) are in
between the diffusion path lengths recorded by QENS (nanometers) and PFG NMR (micrometers).
With the advent of the techniques of microimaging by IR and interference [33,34] it has become
possible to perform uptake experiments with the individual crystallites/particles of the material
under study. In this way, microscopic diffusion measurements could be performed, for the very first
time, under also non-equilibrium conditions with, essentially, no restriction in the upper limit of
the observation time. In this way, deviating from PFG NMR and QENS, the range of diffusivities
accessible to direct measurement can be extended to arbitrarily small values. Differing from
conventional (i.e., macroscopic) uptake measurements, microimaging may be implied to remain
essentially unaffected by thermal effects [35] and by any external transport resistance due to diffusion
through a bed of crystals (which, in [9], have been identified as two major mechanisms affecting the
experimental data in Gorring’s classic paper [8]).
We have exploited these novel options of diffusion measurements to investigate the chain length
dependence of the diffusivities of C2 to C6 n-alkanes in MOFs of type ZIF-4. We were motivated by
the prospect that the variation in compatibility between pore and guest sizes with increasing chain
length might appear in variations from a monotonic decay in the diffusivities. Correspondingly,
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after presenting the experimental data of these measurements in Section 2, Section 3 shall report first
results of molecular simulations elucidating the constraints the n-alkanes are subject to within MOF
ZIF-4, as a function of their chain length. A detailed description of the materials and the performed
experiments is provided in Section 4.
2. Diffusion Measurements
2.1. Single-Component Uptake Experiments
Uptake experiments were performed by recording the increase in loading, m(t), as resulting from
the intensity of a characteristic absorption band in the IR spectrum [36] initiated by a pressure increase
in the surrounding atmosphere. Analysis of the thus determined uptake curves m(t)/m(∞) was based
on the relation [37]
m(t)
m(∞)














for diffusion-limited uptake by a sphere-like adsorbent particle of radius R, with DT denoting the
diffusivity or, more specifically, the transport diffusivity being defined, via Fick’s first law
j = −DTgradc (2)
as the factor of proportionality between the concentration gradient of the guest molecules and the thus
emerging molecular flux. Equation (1) holds under the simplifying assumption that the variation in
the magnitude of the diffusivity over the concentration range covered during the uptake process is
negligibly small in comparison with the diffusivity. In our experiments, such a situation was indeed
cared for by choosing sufficiently small pressure steps.
Figure 1 provides a survey of the thus determined diffusivities. They are plotted as a function of





where qi is the molar loading of species i and qi,sat is the molar loading of species i at saturation.
One easily recognizes the increase in the diffusivities with increasing pore occupancy which is
known to occur as a quite common pattern for diffusion within cage-type adsorbents with narrow
windows [41]. The fractional pore occupancy in Figure 1 was determined based on the IR signals
measured in arbitrary units. The validity of this calculation was cross-checked by comparing the
adsorption isotherms (in relative units) obtained via IR microscopy (IRM) with the adsorption
isotherms measured gravimetrically and volumetrically (see in Section 4.4).
Transport diffusivities may, equally obviously, be expected to increase as well with increasing
temperature. This does indeed become evident on comparing the diffusivity data in Figure 1 obtained
for the different temperatures considered in our study. Such a conclusion is, as a matter of course,
totally correct on comparing the diffusivities at identical pore occupancies. It might be worthwhile
mentioning, however, that for measurements where the external pressure (rather than the intrinsic
loading) is kept constant, diffusivities may be found to even decrease with increasing temperature [42].
Such a—on first glance possibly rather strange—behavior may, however, be rationalized by the fact
that, at a fixed external pressure, temperature increase leads to a dramatic decrease in pore occupancy
which—as just discussed—reduces the diffusivities.
Molecules 2018, 23, 668 4 of 16
Figure 1. Transport diffusivities of n-alkanes in ZIF-4 as a function of fractional pore occupancy at
(a) 303 K; (b) 348 K and (c) 373 K. Note that n-hexane was measured only at 303 K.
As the most important message of Figure 1, the diffusivities of n-pentane are seen to oppose the
general trend of the diffusivities of the other n-alkanes. Compared with propane and butane, n-pentane
diffusion is seen to be enhanced rather than reduced, followed by a decrease in the diffusivity of n-hexane.
A survey of this pattern at 303 K is shown in Figure 2, for diffusion measurements at loadings at about
half pore occupancy. In this non-monotonic pattern or periodic rise and fall of the diffusivities with
n-alkane chain length, we recognize the celebrated “window effect” mentioned in the introduction. It is
noticeable that the diffusivity of n-hexane at a high pore occupancy is close to that of n-pentane (Figure 1a).
Further investigations are required to understand how the configuration of n-hexane within ZIF-4 changes
with increasing pore occupancy and to rationalize the enhancement of n-hexane diffusivity at the high
pore occupancy.
Figure 2. Transport diffusivities of ethane, propane, n-butane, n-pentane, and n-hexane at a fractional
pore occupancy of 0.5 in ZIF-4 at 303 K.
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2.2. Two-Component Uptake Experiments
In addition to “simple” uptake measurements with the individual components, IRM also provides
the possibility of measuring, simultaneously, the uptake of various components in their mixture [43,44].
By this type of measurement, the uptake rates of two components may be directly compared with each
other. In uptake measurements with mixtures of n-butane and n-pentane on ZIF-4, correspondingly,
the rate of n-pentane uptake is expected to exceed that of n-butane. Such patterns may indeed be seen
in Figure 3a showing the two-component molecular uptake with n-butane and n-pentane mixtures
by ZIF-4 with relatively low partial pressures in the surrounding atmospheres and, correspondingly,
also relatively small molecular concentrations. At these low loadings, molecular uptake of n-butane
and n-pentane may be expected to occur essentially independent from each other.
The evidence provided by the two-component measurement may be further enhanced on
considering concentration ranges high enough so that the mutual interaction between the two types
of guest molecules becomes relevant. This is the case with the situations considered in Figure 3b
and, to an even larger extent, in Figure 3c. Now, because of the higher partial pressure in the
surrounding atmosphere and owing to its higher diffusivity, n-pentane is seen to attain loadings
which, obviously, exceed the equilibrium value corresponding to the given partial pressures in the
surrounding atmosphere.
We are now in a situation which is not correctly described anymore by simple Fick’s 1st law,
Equation (2). One has rather to go back to the more general perspective of irreversible thermodynamics
in which the gradient of the chemical potential of a given component (rather than the gradient of its
concentration) is the driving force of diffusive fluxes. By doing so, the diffusive flux of n-pentane into
the ZIF-4 particle is immediately seen to be driven by the concentration gradients of both n-pentane
and n-butane. Thus, for sufficiently large gradients in the concentration of n-butane, the flux of
n-pentane may, eventually, be seen to be directed “uphill”, that is, into the direction of increasing
n-pentane concentrations. The thus initiated increase in pentane concentration towards the interior
of the ZIF-4 particle is easily recognized as the origin of the observed “overshooting”, i.e., of the
attainment of n-pentane concentrations above the equilibrium values. As a consequence of the
continued uptake of the (slower) n-butane molecules, their concentration gradient towards the interior
is gradually decreasing so that, in turn, more and more of the pentane molecules which have entered
the ZIF-4 particles in excess are now diffusing out of the particle, until the establishment of the final,
overall equilibrium. The phenomenon of overshooting is intrinsically tied to the larger diffusivity
of the overshooting component and serves, therefore, as a second, independent confirmation of the
observation of the window effect with n-alkanes in ZIF-4.
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Figure 3. Uptake curves for binary mixture of n-pentane and deuterated n-butane at (a) low; (b) medium;
(c) high overall pore occupancies.
3. Molecular Configurations
The molecular configurations of C2–C5 n-alkanes adsorbed in ZIF-4 were calculated using grand
canonical Monte Carlo (GCMC) simulations. See Section 4.2 for details. Although ZIF-4 is known
to be quite flexible, we started with simulations in a rigid framework. Table 1 shows the predicted
enthalpies of adsorption at 2 bar and 303 K. For most systems, the enthalpy of adsorption of n-alkanes
increases in magnitude monotonically as the chain length increases. Table 1, however, shows that the
binding of n-pentane is weaker than the binding of n-butane or propane, providing a first indication
that n-pentane may not have room to fit comfortably inside the ZIF-4 cages. This could be an indirect
indicator of the “window effect”.
Table 1. Enthalpy of adsorption of C2–C5 n-alkanes in ZIF-4 at 2 bar and 303 K calculated via GCMC
simulations in a rigid framework.
Alkane −∆Hads (kJ moL−1)
ethane −38.4 ± 2.01
propane −44.9 ± 7.00
n-butane −46.2 ± 7.57
n-pentane −42.4 ± 6.83
Figure 4a compares the end-to-end chain length distributions of the alkane molecules adsorbed in
ZIF-4 with those in the gas phase. For reference, the fully stretched chain lengths are given in Table 2.
For ethane and propane, there is no difference between the gas phase distribution and the distribution
under confinement. However, there is a significant reduction in the end-to-end lengths for n-butane
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and n-pentane upon adsorption in ZIF-4, indicating that they must adopt coiled configurations inside
the ZIF-4 cages—keeping in mind the assumption of a rigid framework.
Table 2. End-to-end distances of C2–C5 n-alkanes in their fully stretched conformations. The methyl
radii on both ends are included in the length.





Figure 4. (a) Distributions of the end-to-end chain lengths of C2–C5 alkanes adsorbed in ZIF-4
compared with those in the gas phase. n-Pentane and n-butane molecules coil up significantly to fit
inside the cages of ZIF-4; (b) Distributions of the end-to-end chain lengths of n-C5 in the gas phase, in
rigid ZIF-4, and in the relaxed ZIF-4 structure from Figure 5b.
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Figure 5. The 1 Å distance isosurface (green) for a typical pore junction in ZIF-4. (a) Rigid guest-free
structure and (b) relaxed structure where three out of the four cages connected to the junction have
n-pentane in them.
Given the tight fit of n-pentane in ZIF-4, it becomes important to consider the framework flexibility.
In particular, we hypothesized that in a flexible lattice, n-pentane might stretch into the window
regions of ZIF-4, and that this stretching might be responsible for the “window effect” observed in the
experiments. To test this idea, we relaxed the structure of ZIF-4 at a high loading of pentane (2 bar,
303 K, ~7 molecules per unit cell). Figure 5a shows the surface of the pores (at a distance of 1 Å from
the framework atoms) in the rigid structure, and Figure 5b shows the pore surface after relaxation in
the presence of the n-pentane molecules [45]. Shown is a typical junction in ZIF-4 where three out of
the four cages connected to the junction have n-pentane in them. It is clearly seen from Figure 5b that
the windows of the cages with pentane molecules in them (three out of four) are opened while the
fourth window appears to be closed, suggesting that adsorption of n-pentane can open the windows
of ZIF-4. The distribution of end-to-end distances from GCMC in the relaxed structure (Figure 4b)
looks more like the gas phase distribution and clearly indicates stretching of the alkane chains in the
open structure (compared to the rigid framework), supporting our hypothesis. In future work, we will
consider framework flexibility directly in the GCMC simulations. It was also found that the cages of
the rigid ZIF-4 were too small to accommodate n-hexane, thereby predicting almost a zero loading of
n-hexane on the current GCMC simulations. Hence, adsorption of n-hexane will be another subject of
our future work, along with the inclusion of the framework flexibility of ZIF-4.
4. Materials and Methods
4.1. Structure of ZIF-4
ZIF-4 is made of tetrahedral Zn2+ nodes connected by imidazolate linkers in a CAG topology,
with the nitrogen atom on the imidazolate being the site of coordination. CAG is known to have
two kinds of pore regions, the “cages” (the larger cavities) and the “junctions,” which connect
four different cages. Each unit cell has eight cages, each of which opens into two junctions through
separate cage windows. These windows are each lined with four freely rotating imidazolate linkers,
which enable the “swinging-opening” motion of the cage windows [5]. The cages in ZIF-4 have
a maximum diameter of 5.14 Å, and the pore-limiting diameter at the cage windows is 2.45 Å for
the guest-free framework. Some of this structural information (calculated using Zeo++ using a 2.4 Å
He probe) is summarized in Table 3. Figure 5 provides a visual representation of the pore network
of ZIF-4. The distance isosurfaces in Figure 5 were calculated using Zeo++ [46] before and after the
adsorption of n-pentane (with structure relaxation in Figure 5b). The framework atoms were assigned
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pre-defined radii and all points which are at the same set distance to the surface of the framework
were then connected to form the corresponding distance isosurface.
Table 3. ZIF-4 properties calculated using Zeo++ [46] with a 2.4 Å probe.
Property Value
Density 1.22 g cc−1
Accessible Surface Area 771 m2 cc−1
Accessible Volume 1776 m3 g−1
Void Fraction 0.56 (zero probe)
Channels 1 (3 dimensional)
Largest Cavity Diameter 5.14 Å
Pore Limiting Diameter 2.45 Å
To provide another way to visualize the shape and connectivity of the pores of ZIF-4, the ZIF-4
crystal structure from Park et al. [3] was fully loaded with pentane at 1 GPa (1 molecule per cage, 8 cages
per unit cell) and geometry-optimized using the DREIDING force field in Materials Studio [45], causing
all of the windows to open. We then removed the guess molecules, and the “opened-up” structure was
analyzed using Poreblazer [47] where it was discretized onto a uniform grid (0.2 Å spacing used here) and
a probe atom (2 Å diameter used here) was placed at every grid point where there was no overlap with
the framework atoms. The results, a typical pore junction and the four cages connected to it, are visualized
in Figure 6b. The pore size distributions of the original ZIF-4 structure [3] and the “opened-up” structure
are shown in Figure 6a.
Figure 6. (a) Pore size distributions of original ZIF-4 and the “opened-up” ZIF-4 calculated using Zeo ++;
(b) A typical pore junction (center) in the “opened-up” ZIF-4 visualized using Poreblazer (using a probe of
2 Å diameter on a 0.2 Å grid). Windows are marked for clarity in red. The “opened-up” ZIF-4 structure
was generated by structure relaxation of a fully loaded ZIF-4 at 1 GPa, 303 K followed by removal of the
guest pentane molecules.
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4.2. Molecular Simulations
Single component adsorbed configurations of C2–C5 n-alkanes in ZIF-4 were generated using
grand canonical Monte Carlo (GCMC) simulations. The structure of ZIF-4 was taken from Park et al. [3],
and the framework was kept rigid throughout the simulations, using a 2 × 2 × 2 supercell (a = 30.790 Å,
b = 30.615 Å, c = 36.852 Å, α = β = γ = 90◦). The interactions of the framework atoms with the
n-alkanes and the non-bonded interactions of alkane molecules among themselves were modeled using
Lennard-Jones interactions. Lennard-Jones parameters for the framework atoms were taken from the
DREIDING force field [48], and the alkanes were modeled using the TraPPE [49] united-atom force
field. A cut-off radius of 12.8 Å was used for the Lennard-Jones interactions, with the inclusion of tail
corrections. Electrostatics are not included in the calculations. Simulations were run for a total of 105 cycles,
where one cycle on average corresponds to one Monte Carlo move attempted for each molecule in the box.
Configurational bias reinsertions and cut-and-regrow moves were used alongside the usual insertion,
deletion, rotation, and translation moves to improve the sampling. We used the in-house simulation
package RASPA [50] for the GCMC simulations.
4.3. Synthesis of ZIF-4
ZIF-4 was synthesized by a modified procedure based on the work of Park et al. [3]. Therefore 2.4 g
of imidazole and 3.64 g of zinc nitrate hexahydrate where dissolved in 120 mL of dimethylformamide in
a 250 mL round-bottom flask. The solution was heated to 403 K and the temperature was kept for 48 h
under stirring. After cooling down the solution was filtrated. The obtained particles were centrifuged
three times with 35 mL of ethanol.
4.4. Adsorption Isotherms
The adsorption isotherms of ethane, propane, n-butane, and n-pentane in ZIF-4 are shown in
Figure 7. The data are from literature (ethane and propane) [4] and the results of measurements with
the volumetric adsorption apparatus ASAP 2010 from Micromeritics (n-butane) and the gravimetric
technique of dynamic vapor sorption (DVS) (n-pentane).
Figure 7. Adsorption isotherms of n-alkanes in ZIF-4.
The single component adsorption isotherm of n-butane was measured volumetrically at 303 K
up to a pressure of 1 bar. On the other hand, the single component adsorption isotherm of n-pentane
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(with a purity ≥ 99%, purchased from Carl Roth) was determined gravimetrically in a DVS-ET
(Dynamic Vapor Sorption-Elevated Temperature) from Surface Measurement Solutions. The sample
chamber is constantly purged with 200 mL min−1 of gas. As purge gas nitrogen is used. To adjust
a certain partial pressure of n-pentane a fraction of the nitrogen stream is saturated with n-pentane
and then mixed with the unsaturated fraction of the nitrogen stream.
The absolute molar loadings (mmol g−1) were converted to the fractional pore occupancies using
Equation (3). Since the IR signals from the IRM were measured in arbitrary units, the conversion was
necessary to compare the adsorption isotherms in Figure 7 with the adsorption isotherms obtained
with IRM. The comparison is shown in Figure 8.
Figure 8. Adsorption isotherms (in relative units, i.e., the fractional pore occupancy θi) of n-alkanes in ZIF-4,
obtained with IRM, volumetric adsorption apparatus and gravimetric dynamic vapor sorption (DVS).
It was detected that the adsorption properties of ZIF-4 changed over time (see details in Section 4.7).
Once the sample is aged, the n-butane adsorption at low pressures becomes lower and also ZIF-4 exhibits
sorption hysteresis for n-butane in the pressure range between 0 and ca. 200 mbar. Such hysteresis was not
observed at the time of IR measurement, but occurred only when the volumetric sorption measurement
of n-butane with ASAP 2010 was carried out at a later time. Hence, the desorption branch of n-butane
has been taken in Figures 7 and 8, assuming that there is no sorption hysteresis, especially in fresh ZIF-4.
Further investigation is needed to understand the origin of the sorption hysteresis.
4.5. Sample Activation
Prior to each IR measurement, the material was activated by the following procedure.
Several agglomerates of ZIF-4 crystals were placed on the bottom window of a cylindrical, optical-quality
quartz glass cell. Then, the cell was heated to a temperature of 423 K at a heating rate of 1 K min−1 under
vacuum (<10−5 mbar) and left there for at least 17 h. After the activation, it was cooled down to the
desired temperature, i.e., 303 K, 348 K or 373 K, and the adsorption experiments were commenced.
For the adsorption measurements of ethane, propane and n-butane using the volumetric
adsorption setup, ZIF-4 particles were prior activated at 423 K under vacuum for at least 5 h. In the
case of n-pentane, ZIF-4 particles were activated in pure nitrogen atmosphere at 453 K for 4 h in the
sample chamber of the DVS instrument.
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4.6. IRM Experimental Setup
IRM experiments were performed on an IR microscope (Hyperion 3000, Bruker Optik GmbH,
Ettlingen, Germany) connected to a vacuum FT-IR spectrometer (Vertex 80v, Bruker Optik GmbH,
Ettlingen, Germany) with a polychromatic IR source. The microscope is equipped with a conventional
single-element MCT detector (mercury cadmium telluride) which can set the area of interest by
adjusting the size and the position of a rectangular aperture. Hence, the averaged concentration of
guest molecules over a selected agglomerate or even a single crystal can be measured separately.
After the activation procedure described above, the IR optical cell (Infrasil®, Starna GmbH,
Pfungstadt, Germany; window inner diameter 19 mm, path length 5 mm) containing the activated
agglomerates of ZIF-4 crystals was mounted on the motorized platform in the focus of the IR
microscope. The cell was connected to a static vacuum system (stainless steel, 14 ” Swagelok tubing and
valves) consisting of a pumping station (HiCube 80 Classic, Pfeiffer Vacuum GmbH, Asslar, Germany),
cylindrical gas reservoirs filled with guest molecules, and pressure transducers which can measure the
pressure in the range of 10−6 to 104 mbar.
In the present work, only an agglomerate of ZIF-4 crystals was investigated without a carrier
gas or a continuous gas flow, and the size of the agglomerate under study was approximately 40 µm
(Figure 9). The pressure step changes in the gas phase surrounding the ZIF-4 agglomerate were
accomplished within a fraction of a second after opening the entrance valve between the IR optical cell
and the gas reservoir containing the guest molecules, and the final gas phase pressures were effectively
maintained at the desired values due to a relatively large volume of the gas reservoir compared to
the volume of the IR optical cell. In the case of two-component experiments, two species, namely
n-pentane and deuterated n-butane, were prepared in separate gas reservoirs at the desired pressures.
By opening the connecting valve between the two reservoirs, the binary mixture was prepared and
then, it was introduced to the IR optical cell.
Figure 9. ZIF-4 agglomerate, which has been subject to IR measurements, under the microscope.
The black square in the middle is the measurement window.
The data in Figure 1 were obtained from time-resolved uptake measurements with a spectral
resolution of 16 cm−1 and a temporal resolution between 0.6 and 3.7 s (depending on the number
of scans) using the single element detector. The integration of the time-resolved spectrum over the
characteristic IR band of each guest molecule (C-H vibration band near 2950 cm−1) resulted in an
integral “uptake curve”. By fitting the uptake curve with Equation (1) the transport diffusivity was
calculated. In the two-component experiments, on the other hand, the integration was carried out over
not only the C-H band but also the C-D band to distinguish the uptake of the deuterated n-butane
from that of n-pentane.
Molecules 2018, 23, 668 13 of 16
4.7. Sample Aging
Figure 10 shows the adsorption isotherms of aged ZIF-4 samples, volumetrically measured
with ASAP 2010 at 303 K. The relatively fresh ZIF-4 exhibits higher adsorption at low pressure,
i.e., steeper initial slope, than the very aged ZIF-4. Scanning electron microscopy (SEM) images of the
two samples are also provided in Figure 11. It is clear that there is difference in the surface between the
two: the slightly aged ZIF-4 shows a smooth surface without any small white particles while the very
old ZIF-4 exhibits shallow craters on the surface, on which white particles are attached. It is seen that
the ZIF-4 surface changes with time, which might affect the overall adsorption properties of the ZIF-4.
This may have led to the minor discrepancy in adsorption isotherms between the ZIF-4 measured with
IRM (fresh ZIF-4) and the one measured with ASAP 2010 (aged ZIF-4) shown in Figure 8.
Figure 10. Adsorption isotherms of n-butane in slightly and very aged ZIF-4 at 303 K.
Figure 11. SEM images of (a) slightly aged ZIF-4 and (b) very aged ZIF-4.
5. Conclusions
The pattern of guest diffusivities increasing rather than decreasing with increasing molecular sizes
is one of the remarkable peculiarities of microporous host-guest systems. This phenomenon is generally
referred to as the “window effect”, following the nomenclature chosen in a first publication dealing
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with this effect. Though the anomaly reported there is today known to be an artefact of data analysis
caused by unjustified simplifications, most convincing evidence has meanwhile been accumulated
by molecular simulation so that there is no doubt about the possibility of their existence. However,
deviating from the clear message of theoretical prediction, robust experimental data for deepening
this phenomenon are so far scarcely available. Novel options for such studies have been opened up
with the advent of new generations of microporous materials. This does, notably, concern the family of
metal-organic frameworks (MOFs) with unprecedented options for an essentially arbitrary variation
of the pore sizes in relation to the size of the guest molecules.
We have reported here first systematic diffusion measurements with short chain length n-alkanes
in MOFs of type ZIF-4. Following the chain length dependence of the diffusivities from ethane to
n-hexane, the n-pentane diffusivity is found to exhibit a pronounced maximum. Owing to the potential
of IR microscopy, measurements could be performed with single adsorbent particles and over small
pressure and concentration steps. Corruptions of the measurement as typical for some of the early
uptake measurements could thus be avoided. Experimental evidence was, moreover, also confirmed
by the performance of two-component measurements where the rate of n-pentane uptake was found
to significantly exceed that of n-butane. The message of the experimental diffusion studies is, finally,
also supported by the results of grand canonical Monte Carlo simulations. By considering the influence
of spatial confinement within the cage system of ZIF-4 on molecular configurations, n-pentane may
be concluded not to have enough room to fit comfortably in the ZIF-4 cages which might be easily
correlated with a tendency towards higher jump rates between adjacent cages.
In future studies, we may perform release measurements in ZIF-4 to study whether the
non-monotonic behavior of the n-alkane diffusivities is still present during the transient desorption,
along with improved GCMC simulations where the framework flexibility of ZIF-4 is considered.
A further investigation on the origin and the effects of the sample aging phenomenon will be
also considered.
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ABSTRACT: Increasing demands in the field of sensing, especially for gas detection
applications, require new approaches to chemical sensors. Metal−organic frameworks
(MOFs) can play a decisive role owing to their outstanding performances regarding
gas selectivity and sensitivity. The tetrathiafulvalene (TTF)-infiltrated MOF, Co-
MOF-74, has been prepared following the host−guest concept and evaluated in
resistive gas sensing. The Co-MOF-74-TTF crystal morphology has been
characterized via X-ray diffraction and scanning electron microscopy, while the
successful incorporation of TTF into the MOF has been validated via X-ray
photoemission spectroscopy, thermogravimetric analysis, UV/vis, infrared (IR), and
Raman investigations. We demonstrate a reduced yet ample uptake of CO2 in the
pores of the new material by IR imaging and adsorption isotherms. The
nanocomposite Co-MOF-74-TTF exhibits an increased electrical conductivity in
comparison to Co-MOF-74 which can be influenced by gas adsorption from a
surrounding atmosphere. This effect could be used for gas sensing.
KEYWORDS: infiltration of MOFs, Guest@MOF, conducting MOFs, gas sensing, tetrathiafulvalene
■ INTRODUCTION
Metal−organic frameworks (MOFs) are a class of crystalline
and porous organic−inorganic hybrid materials.1,2 A MOF
consists of metal ions or metal-oxide clusters as inorganic
building units which are connected by organic ligands acting as
linkers. The intrinsic porosity of the framework qualifies MOFs
for applications like catalysis, drug-delivery systems, gas
separation, storage, or sensing.3−8
The use of MOFs for the latter has recently gathered
increasing attention.3−9 New chemical sensors are needed for
various controlling systems or devices including smart
network-connected medical devices or automated industrial
process monitoring systems.10 Today, metal oxides are widely
used in chemical sensors leading to problems like atypical
operation temperature above 200 °C to promote surface
reactions, cross selectivity, and baseline drifts because of aging
effects.11 The use of MOFs for sensing applications could solve
those problems by taking advantage of their selective gas
adsorption at room temperature.5,8 There are several concepts
for MOF-based gas sensors like colorimetric or resistive
sensing applications.12−15 Here, resistive sensor devices have
the advantages that they enable the use of MOF powders in
the form of tablets, making them simple to construct and
produce.9,16 The major bottle neck for the construction of
MOF-based resistive gas sensors is the development of
electrically conductive or semiconductive MOFs.17−22 In
2014, Allendorf and co-workers published an electrically
conductive MOF based on HKUST-1 doped with the organic
semiconductor 7 ,7 ,8 ,8 - te t racyanoquinodimethane
(TCNQ).23−25 This was the first conductive MOF following
the Guest@MOF concept which is based on the idea that the
combination of MOFs and guest molecules can promote new
materials with new properties.25,26 This concept led to the
development of conductive composite materials based on
MOFs infiltrated with organic semiconductors.27−29
Co-MOF-74, also known as CPO-27-Co or Co2(dobdc),
contains CoII as metal ions connected through 2,5-dioxido-1,4-
benzenedicarboxylate as organic ligands. This MOF-74
possesses a one-dimensional pore system with a pore diameter
of 1.1−1.2 nm.30,31
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In our previous work, we showed that Co-MOF-74, with its
hexagonal honeycomb-like lattice and open metal sites, is a
potential material for gas sensing.32
Here, we present a novel Co-MOF-74-based composite
material for gas sensing applications. Following the Guest@
MOF concept, we infiltrated Co-MOF-74 powder with the
organic semiconductor tetrathiafulvalene (TTF).33 Subse-
quently, resistive gas sensing experiments with pressed tablets
were performed.
■ EXPERIMENTAL SECTION
Materials. All chemicals were received from commercial vendors
and used without further purification. For the following synthesis,
cobalt nitrate hexahydrate (Co(NO3)2·6H2O, 99%, Sigma-Aldrich),
2,5-dihydroxy-terephthalic acid (DHBDC, 98%, Sigma-Aldrich), N,N-
dimethylformamide (DMF, ≥99.8%, Sigma-Aldrich), ethanol (EtOH,
≥99.8%, Sigma-Aldrich), methanol (MeOH, ≥99.8%, Sigma-Aldrich),
TCNQ (>98%, TCI), TTF (>98%, TCI), and water (H2O, Millipore)
were used.
Preparation of Co-MOF-74 Powders. The MOF-74 powders
were prepared according to a slightly modified procedure previously
published by Chmelik et al.34 All MOF-74 syntheses were performed
in 60 mL Teflon-lined autoclaves (Parr Germany). The metal salt
(0.713 g, 2.45 mmol Co(NO3)2·6H2O) was dissolved in a mixture of
DMF, EtOH, and H2O (60 mL, v/v/v, 1/1/1) and DHBDC (0.145 g,
0.73 mmol) was added. The resulting suspension was ultrasonicated
until the solution turns clear and heated for 24 h at 121 °C. After
cooling down to room temperature, the precipitate was obtained by
centrifugation and washed/solvent-exchanged with MeOH three
times. The received solid was dried under reduced pressure and
activated under vacuum at 160 °C for 4 h.
Loading of the MOF. The MOF powders were infiltrated with
the organic semiconductors TCNQ or TTF via the gas phase by
storing them in a previously evacuated flask over the respective
organic semiconductor molecules at 70 °C overnight, followed by a
stepwise increase of the temperature up to 170 °C within 4 h.
Afterward, the resulting solid composites were washed with MeOH,
dried under reduced pressure, and activated before gas sensing under
vacuum at 160 °C over 4 h.
Figure 1. Optical microscopy images of powder and single crystals of Co-MOF-74 (a) as well as Co-MOF-74-TTF (b) and the SEM image of Co-
MOF-74-TTF (c).
Figure 2. (a) XRD data of Co-MOF-74 and Co-MOF-74-TTF compared to the simulated Co-MOF-74 pattern. (b) UV/vis-spectra of Co-MOF-74
compared to Co-MOF-74 infiltrated with TTF. (c) Normalized TGA measurements of Co-MOF-74, Co-MOF-74-TTF, and TTF under the N2
atmosphere. (d) Spatially resolved Raman spectra of Co-MOF-74 showing two different Co-MOF-74-TTF phases at room temperature under
vacuum.
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Characterization of the Materials. X-ray diffraction (XRD)
(Bruker D8 Advance, Cu Kα1 radiation λ = 0.154 nm) and infrared
(IR) spectroscopy (Agilent Technologies Cary 630 FTIR) were used
to characterize the MOF powders. The crystal morphologies of the
materials were analyzed with optical microscopy (Bruker Senterra
Raman spectrometer) and scanning electron microscopy (SEM)
(JEOL JSM-6700F NT, 2 kV acceleration voltage). UV/vis measure-
ments were performed using a Cary 5000 UV/vis absorption
spectrophotometer from Agilent Technologies. Both samples were
measured in an integrating sphere (Agilent DRA-2500) in the
reflection mode with a home-made quartz glass cuvette. All spectra
were normalized to the maximum absorbance peak.
Thermogravimetric measurements were carried out on Mettler-
Toledo TGA/DSC 3+ between 40 and 600 °C with a heating rate of
1 °C/min under N2 flow (50 mL/min).
Spatially resolved Raman spectra were measured with a Horiba
Jobin Yvon LabRAM spectrometer equipped with a Coherent Innova
70 ion laser at a wavelength of 514.5 nm (Eex = 2.41 eV).
IR images and IR absorbance spectra under the CO2 atmosphere
were achieved with an IR microscope (Bruker Hyperion 3000)
connected to a vacuum Fourier transform IR spectrometer (Bruker
Vertex 80v) at room temperature. For the IR images, a focal plane
array detector was used consisting of an array of 128 × 128 single
detectors with a size of 40 × 40 μm each. By increasing the
magnification power of the scanning objective (15 times), a resolution
of approximately 2.7 × 2.7 μm was obtained. The transfer of the
crystals into an IR optical cell was carried out inside a glove box under
an Ar atmosphere in order to prevent air contact. Subsequently, the
cell was connected to the static vacuum system consisting of a
pumping station (Pfeiffer Vacuum HiCube 80 Classic) and stainless-
steel cylindrical gas reservoirs.
CO2 adsorption isotherms were measured by 3P INSTRUMENTS
(Odelzhausen, Germany).
X-ray photoemission spectroscopy (XPS) experiments were
performed using a Scienta RS4000 hemispherical analyzer with a
monochromatic Al Kα X-ray source (1486.6 eV). Toluene solutions
containing the MOF crystals were drop-cast onto a gold substrate.
Gold 4f lines were used to calibrate the binding energy.
Conductivity measurements were performed in a three-necked
glass flask with a home-built electrode setup under atmospheric
pressure of the respective gases. Therefore, 0.1 g of each MOF
powder was pressed resulting in 0.1 cm thin tablets which were placed
between the electrodes. The measurement cell was evacuated for 1 h
at 100 °C. Subsequently, I−V curves were recorded by a potentiostat
(Bio-Logic VMP3) in the two-electrode configuration. Alternatively,
the three-necked glass flask was flushed with nitrogen, methane, or
carbon dioxide by a gas flow rate of 30 mL·min−1. After every
measurement, the glass flask was evacuated for 30 min.
■ RESULTS AND DISCUSSION
Figure 1 shows the optical microscopy images of Co-MOF-74
and Co-MOF-74-TTF (Figure 1a,b). The as-synthesized Co-
MOF-74 powder shows a red color (Figure 1a), whereas the
infiltrated MOF powder appears to be black (Figure 1b).
Figure 1c displays an SEM image of a typical Co-MOF-74-
TTF crystal. The rodlike crystal has a width of 20 μm and a
length of 70 μm. The one-dimensional pores of Co-MOF-74
with a diameter of 1.1−1.2 nm are aligned parallel to the long
crystal axis.32
In order to characterize the crystal structure of Co-MOF-74-
TTF, XRD was performed. Figure 2a compares the XRD
patterns of Co-MOF-74 and Co-MOF-74-TTF to the
simulated Co-MOF-74 pattern. The crystal structure of the
infiltrated MOF is almost equal to the noninfiltrated Co-MOF-
74. However, a slight shift to a lower 2θ value for the infiltrated
MOF is observed. The UV/vis spectra of the MOFs are shown
in Figure 2b. A higher absorption for Co-MOF-74-TTF within
600 and 800 nm compared to Co-MOF-74 can be observed.
This proves the successful incorporation of TTF guest
molecules into the MOF host structure. Another indication
for a successful incorporation of TTF into the pore can be
found in the IR spectra, measured at room temperature under
air, as given in Figure S1 (Supporting Information). Co-MOF-
74 shows ν OH stretching, which can be attributed either to
the presence of carboxyl groups or of adsorbed water
molecules in the range of 3000−3500 cm−1. Because the
infiltrated MOF does not show this stretching mode, we
assume the TTF molecules to be infiltrated into the pores,
causing reduced water adsorption at the open Co metal sites.
These assumptions have been validated by thermogravimetric
analysis (TGA) (Figure S2, Supporting Information).
The TGA of the empty Co-MOF-74 equilibrated in air
shows a weight loss of 26.4% in the temperature range up to
100 °C, which can be assigned to adsorbed water. The Co-
MOF-74-TTF sample contains a lower amount of water
compared to the noninfiltrated MOF (5.7 %). Figure 2c shows
the TGA of Co-MOF-74, Co-MOF-74-TTF, and TTF under
the N2 atmosphere. The results are normalized at 100 °C. The
TGA curve of the infiltrated MOF is found between the curves
of the empty Co-MOF-74 and the pure TTF. From TGA, we
calculated a total amount of TTF infiltrated in Co-MOF-74 to
be approximately 15 wt %.
Spatially resolved Raman investigations of Co-MOF-74-TTF
crystals (Figure 2d) show the existence of two phases in the
μm scale indicating that the TTF distribution is not
homogeneous. One phase is in good accordance with the
typical Raman patterns of the unloaded Co-MOF-74, while
within the second phase, two additional peaks occur, which can
be assigned to TTF.35 The peak at 494 cm−1 is associated with
the C−S stretching band and the other peak at 743 cm−1 is
associated with C−H bending.35 Further Information con-
cerning the measured areas within the crystals can be found in
the Supporting Information (Figure S3).
In order to confirm the existence of Co−S bindings in the
second phase, XPS investigations were performed. Figure 3
shows the XPS investigations of Co-MOF-TTF and TTF at
the S 2p edge. The S 2p spectra after linear background
subtraction have been fit with spin−orbit doublets with shared
energy difference and the area intensity ratio between the 2p3/2
Figure 3. XPS investigation of Co-MOF-TTF and TTF at the S 2p
edge.
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and p1/2 Gaussian peaks. For the TTF reference, two doublets
can be found. Doublet 1 is low in intensity with the 2p3/2 peak
located at 161.84 eV and doublet 2 is the major component
located at 163.80 eV.
For the TTF encapsulated in the Co-MOF-74, doublet 1 is
comparable to doublet 2 in intensity. The 2p3/2 binding
energies are downshifted to 161.63 and 163.34 eV for doublets
1 and 2, respectively. In addition, the broad higher energy
structure fit as doublet 3 emerges with the 2p3/2 peak located at
166.80 eV.
The large area intensity of doublet 1 in Co-MOF-74-TTF
could be attributed to a sulfur-cobalt bonding state as cobalt
sulfide and organic thiols bound on meta surfaces have the S
2p doublet in the same binding energy range.36−39 The S-to-
Co atomic ratio evaluated from the XPS data is approximately
6−7 to 1. Because a TTF molecule contains four sulfur atoms,
this means that 1 Co atom interacts with approximately 1.6
TTF molecules (Figure S4, Supporting Information).
IR microscopy images were collected at 50, 200, 500, and
1000 mbar CO2 pressure (Figure 4a). Because the Co-MOF-
74 batch consists of equally shaped crystals like the one shown
in Figure 1, we can directly compare the IR microscopic
images of adsorbed CO2 of the unloaded and the infiltrated
Co-MOF-74. For Co-MOF-74, a significant increase of the
CO2 uptake is visible when the CO2 pressure inside the cell is
increased stepwise from 50 mbar up to 1000 mbar CO2 (from
left to right). In contrast to that, Co-MOF-74-TTF does not
show a significant increase of CO2 uptake with increasing CO2
pressure because a part of its pore volume is blocked by
infiltrating TTF. This finding is in good accordance with the IR
absorbance spectra of Co-MOF-74-TTF measured at 10, 20,
50, 100, and 200 mbar CO2 shown in Figure S5 (Supporting
Information). The intensity of the CO2 bands does not change
when the pressure is varied stepwise from 10 to 200 mbar. It
follows from IR imaging (Figure 4a) and IR spectroscopy
(Figure S5, Supporting Information) that the CO2 concen-
tration in Co-MOF-74 increases stronger than that in Co-
MOF-74-TTF when increasing the CO2 pressure. Therefore,
CO2 adsorption isotherms of Co-MOF-74 and Co-MOF-74-
TTF, showed in Figure 4b, were measured. On comparing the
isotherms, the amount of adsorbed CO2 is drastically reduced
in Co-MOF-74-TTF because of the TTF molecules infiltrated
into the pores.
As expected, our TTF-infiltrated MOF shows a measurable
electric conductivity, similar to that found before for Co-MOF-
74 doped with TCNQ.29 One possible mechanism of the
interaction between TTF and Co-MOF-74 might be based on
through-bond conduction as suggested for TCNQ-MOFs
before.28 In addition to that, electrons may also conduct
through π−π-stacking instead of bond conduction. To check
the gas-sensing capability of Co-MOF-74-TTF, the electrical
current was measured in dependence of the applied voltage. A
measurement setup including a cell for gas sensing was built
(Figure 5a). The cell features a gas inlet and outlet for
changing the gas atmosphere in the round-bottom flask. The
electrode setup (Figure 5b) consists of two stainless-steel
electrodes which are held together with screws.
Pressed tablets of the MOF powders are placed between the
electrodes, which are connected to the potentiostat with
Figure 4. (a) IR microscopic images of CO2 adsorption on an empty Co-MOF-74 and a composite Co-MOF-74-TTF crystal shown in Figure 1c at
50, 200, 500, and 1000 mbar CO2 pressure (from left to right). (b) CO2 adsorption isotherms of the empty Co-MOF-74 and the composite Co-
MOF-74-TTF at 25 °C.
Figure 5. Measurement setup (a) and home-build electrodes in detail
(b).
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copper wires through the air-tight glass stopper as shown in
Figure 5a.
Figure 6a compares the I−V curves of the unloaded Co-
MOF-74 with the Co-MOF-74-TTF under vacuum, N2, and
CO2. The electrical conductivity of the unloaded Co-MOF-74
is rather low under all conditions. Therefore, Co-MOF-74 is
not a suited material for gas sensing via conductivity
measurements. Co-MOF-74-TTF, on the other hand, exhibits
evaluable electrical conductivity under the N2 and CO2
atmosphere. When compared to the TCNQ-loaded MOF,
Co-MOF-74-TTF exhibits a significantly higher electrical
conductivity and also larger changes in the conductivity caused
by MOF−gas interactions. That is to say, the different gases
cause on Co-MOF-74-TTF larger changes in the magnitude of
the current and can be distinguished therefrom.
Furthermore, temperature-dependent conductivity measure-
ments of Co-MOF-74-TTF were performed (Figure 6b).
Long-time I−V measurements were conducted under CO2,
CH4, and N2 at 10 V (Figure 6c). The gas atmosphere was
changed from vacuum to different gases at time 0 min. A
magnified I−V plot from 0 to 200 s is shown in the Figure S6
(Supporting Information). These short-time measurements
show that the TTF-MOF has a short response time regarding
the gases.
However, because of transport limitation inside the pressed
tablet, no equilibrium of the gas uptake was observed within
the first 500 min. Therefore, the following I−V curves were
measured 24 h after the initial gas dosing. Figure 6d shows the
I−V curves of Co-MOF-74-TTF under vacuum, air, N2, CH4,
and CO2. The highest conductivity was observed for CO2,
while the lowest conductivity was found for vacuum. The
conductivity under ambient air was low as well.
In a previous publication, we observed shifts of the
absorbance maxima in the UV/vis spectra for Co-MOF-74,
which were dependent on the strength of the interaction
between the MOF and the guest molecules.32 Here, we
observe a similar behavior for the electrical conductivity of the
infiltrated MOF. CO2 is interacting stronger with Co-MOF-74-
TTF than CH4 and N2.
The interaction of the open metal sites of Co-MOF-74 with
CO2 can be further described as a Lewis acid−base interaction,
with the metal center acting as a Lewis acid, while the CO2
molecule behaves as an electron donor (Lewis base).40 This
interaction is further favored by the electronic deficiency of the
metal sites, leading to a strong interaction between CO2 and
the cobalt center.40 We assume that for Co-MOF-74-TTF, the
CO2 molecule, as an electron donor, leads to a higher response
compared to CH4 and N2. Garciá et al. stated that the
permanent dipole moment, which is present in the cobalt
atoms, is able to induce the polarization of molecules like CH4
and showed that the affinity of Co-MOF-74 toward CH4 is
lower than toward CO2.
40 For N2, as an inert gas, we assume
an even lower interaction. Compared to CH4, N2 also
possesses a lower polarizability.41 These assumptions are in
good accordance to the result of the electrical measurements
shown in Figure 6d. When Co-MOF-74 is exposed to
surrounding air, the conductivity is even lower than for N2.
We attribute this low sensitivity to the amount of water in air.
Figure 6. Electrical measurements. (a) I−V-curves of Co-MOF-74-TTF compared to Co-MOF-74 and Co-MOF-74-TCNQ under vacuum, N2,
and CO2 atmospheres. (b) I−V-curves of Co-MOF-74-TTF under vacuum at different temperatures. (c) Long-term conductivity measurements of
Co-MOF-74-TTF under N2, CH4, and CO2 atmospheres with a bias of 10 V. The atmosphere was changed from vacuum to N2/CH4/CO2 at 0
min. (d) I−V-curves of Co-MOF-74-TTF measured after 24 h under vacuum, air, N2, CH4, and CO2 atmospheres.
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As shown before, Co-MOF-74 can be deactivated by H2O.
33
Thus, it is possible that in Co-MOF-74-TTF, the TTF and
H2O molecules compete for the metal center resulting in lower
current. We further investigated the behavior of Co-MOF-74-
TTF under vacuum, CO2, and N2 atmospheres via Raman
spectroscopy (Figure S7, Supporting Information). When
gases become adsorbed in the crystals, gas-specific peak shifts
of the characteristic modes of the Co-MOF-74-TTF can be
observed. This is in good agreement with the behavior of the
noninfiltrated MOF, which showed a shift of the characteristic
peaks depending on the applied gas atmosphere as well,
justified in more respectively less energetic binding modes.30
■ CONCLUSIONS
Following the Guest@MOF concept, we synthesized Co-
MOF-74 with the organic semiconductor TTF molecules as a
host−guest composite via a gas-phase incorporation route.
XPS investigations confirm the existence of Co−S bindings
(approximately 1.6 TTF molecules interact with 1 cobalt
atom) between TTF and the open-metal Co-centers of the
MOF. With TGA, we could prove a TTF loading of Co-MOF-
74 of 15 wt %.
Co-MOF-74-TTF has a significantly higher conductivity in
comparison to the unloaded and TCNQ-infiltrated Co-MOF-
74. Furthermore, I−V experiments under different gas
atmospheres were performed, recommending Co-MOF-74-
TTF as an excellent material for gas-sensing devices because of
modification of resistivity. IR imaging and CO2 physisorption
show a decreased ability of Co-MOF-74-TTF to adsorb CO2.
Because of different strengths of the interactions between a gas
and the MOF, conductivity changes could be observed. The
highest conductivity was obtained for CO2 because of the
strong interaction between CO2 and the Co-centers of the
MOF. For weaker gas−MOF interactions (CO2 > CH4 > N2),
a smaller increase of the conductivity is observed. Raman
measurements have proven different interactions of Co-MOF-
74-TTF with gas molecules. Peak shifts of the characteristic
modes are observed for different gas atmospheres.
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Revealing the Transient Concentration of CO2 in a Mixed-Matrix
Membrane by IR Microimaging and Molecular Modeling
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Abstract: Through IR microimaging the spatially and tempo-
rally resolved development of the CO2 concentration in a ZIF-
8@6FDA-DAM mixed matrix membrane (MMM) was visual-
ized during transient adsorption. By recording the evolution of
the CO2 concentration, it is observed that the CO2 molecules
propagate from the ZIF-8 filler, which acts as a transport
“highway”, towards the surrounding polymer. A high-CO2-
concentration layer is formed at the MOF/polymer interface,
which becomes more pronounced at higher CO2 gas pressures.
A microscopic explanation of the origins of this phenomenon
is suggested by means of molecular modeling. By applying
a computational methodology combining quantum and force-
field based calculations, the formation of microvoids at the
MOF/polymer interface is predicted. Grand canonical Mon-
te Carlo simulations further demonstrate that CO2 tends to
preferentially reside in these microvoids, which is expected to
facilitate CO2 accumulation at the interface.
Recent trends in mixed-matrix membranes (MMMs) have
led to remarkable progress on MMM preparation techniques
and a proliferation of new metal–organic framework (MOF)-
based MMMs with enhanced separation performance over-
coming the limitation of pure polymeric membranes, namely
the inevitable trade-off between guest-molecule permeability
and selectivity.[1] Most of the applications of such composites
are closely related/subject to the rate of molecular mass
transfer between the internal pore system and their surround-
ing gas phase. Despite the significant development of new
MMM generations, relatively few fundamental studies deal-
ing with the limiting steps of intrinsic mass transfer of guest
molecules in MMMs and their quantitation have been
published. As a consequence, causal factors associated with
CO2 uptake in the two different phases, that is, fillers and
polymer, within MMMs still remain speculative. A thorough
investigation of the interfacial structures of MMMs and the
individual and/or integrated effects of the two components on
the overall uptake of guest molecules in the composites, which
became possible recently along with molecular modeling[2]
and microimaging by infrared microscopy (IRM),[3] is there-
fore considered as a prerequisite for a rational design of
industrial-scale MMMs with optimum performance. To ach-
ieve optimum transport properties of MMMs, in particular,
exploitation of the interfacial contact zone between fillers and
polymer is very important.[4] Depending on the interaction of
fillers with surrounding polymer, 1) a nanometer-sized void
phase, appearing as a gap, can be formed between the two
components[4, 5] or 2) structural modification of the polymer
can occur in close proximity to the fillers, which is known as
the polymer “hardening effect”.[6] Among the numerous
models in literature,[7] which are mostly derived or developed
from MaxwellQs equation[8] to predict the permeability of
MMMs, a rigorous modeling approach recently proposed by
Petropoulos et al.[6b] specifically takes into account the third
phase, that is, the “interphase” between fillers and polymer.
Herein we focus on the application of the IR micro-
imaging technique to record the CO2 concentration and its
variation in space and time within a MMM consisting of
a 150 mm-thick 6FDA-DAM polymer film and large ZIF-8
crystals[9] (2.5 wt%) over 70 mm. These characteristics differ
from those of commercially used membranes (a thickness of
0.1 to 1 mm and a MOF-to-polymer ratio from 1:10 to 1:3). It is
a consequence of the limitations in sensitivity and spatial
resolution of IR microimaging. The use of giant crystals,
moreover, lifts the limitations in the temporal resolution of IR
microimaging since the time constant of local equilibration
increases with the square of the crystal size.[10] This enables
a microscopic view of guest distributions under non-equilib-
rium conditions to be attained, which may serve as a first-
order approach of the non-equilibrium conditions finally
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attained during the stationary use of real membranes.
Detailed information of the sample preparation procedures
is given in Supporting Information. The same type of the
MMM, that is, a combination of 6FDA-DAM polymer and
200 nm commercial ZIF-8 crystals (Basolite Z1200, BASF),
was already studied, demonstrating its great potential for the
C3H6/C3H8 separation process.
[11]
The IR microimaging technique enables us to monitor the
propagation of CO2 molecules during transient adsorption
and their location, for example, in filler, polymer, or
interfacial region, at equilibrium. In fact, the information
given by IR microimaging is the CO2 concentration integral
along the IR light pathway, that is, the z-direction, throughout
the (x–y) observation plane with a spatial resolution of
approximately 3 mm.[9] This is not exactly the “local” CO2
concentration, but given the fact that such MMMs exhibit
uniform thickness and good compositional homogeneity,[12]
that is, no significant variation in the local CO2 concentration
along the z-direction, the concentration integral may differ
only slightly from the local concentration by a factor of
proportionality and could be indeed considered as a “local-
ized” CO2 concentration over the (x-y) observation plane.
Figure 1a shows the ZIF-8@6FDA-DAM MMM located
in the measurement window of the IR microscope with a size
of around 145 mm X 340 mm in Viewing Mode.[3a] The dimen-
sions of the crystal embedded into the polymer are about
110 mm and 140 mm in the x- and the y-directions, respectively.
Considering the typical shape of ZIF-8 which is rhombic
dodecahedral, the thickness of the crystal is assumed to be of
the same order of magnitude. In addition to the thickness, the
absence of roughness or a bump on the MMM’s surface
ensured that the crystal was located within the polymer
without any exposure to the atmosphere. As shown in
Figure 1b which is a colored contour map of ZIF-8 content,
there is only a single ZIF-8 crystal within the measurement
window. The contour map was produced by integrating IR
light absorbance spectra over a characteristic IR band[13] of
ZIF-8, which was near 3140 cm@1. The surrounding polymer
colored in blue in the map (Figure 1 b) indicates that there are
no small, powder-like ZIF-8 crystals present in the current
measurement window. This observation was also confirmed
by comparing the IR light absorbance spectra of different
areas around the crystal (see Supporting Information and
Figure S3). The red color at the center of the crystal (Fig-
ure 1b) illustrates that its center is thicker than its boundary.
In addition to Figures 1a,b, a focused ion beam–scanning
electron microscopy (FIB-SEM) micrograph of the same type
of the MMM (Figure S2) also shows no apparent empty gap
between the fillers and the polymer. Although it is often used
to assess the quality of the polymer–filler interface in MMMs,
it does not provide us with a complete picture of the
interfacial inhomogeneity and defects at the nanometer
scale. To evaluate the nature of the polymer–filler interactions
and their microscopic compatibility, molecular simulations
and solid-state nuclear magnetic resonance spectroscopy will
be employed later in the present study.
Figure 2 provides a series of time-resolved images of CO2
concentration as captured by IR microimaging during the
uptake of CO2 in the ZIF-8@6FDA-DAM MMM (see
Supporting Information). The filler ZIF-8 is clearly seen to
reach equilibrium within 100 s (Figure 2b) since the com-
mencement of the uptake, and its CO2 concentration does not
vary significantly until the end of the experiment. This
behavior is expected, considering the intracrystalline diffu-
sivity of ZIF-8 of an order of 10@10 m2 s@1[14] and its size. At
equilibrium (Figure 2h), the polymer exhibits a higher CO2
loading than the filler as expected from the CO2 adsorption
isotherms of the two components (Figure S4). It is also
noticeable in Figure 2a–d that the CO2 molecules propagate
from the filler to the surrounding 6FDA-DAM polymer. The
filler thus appears to act as a “highway” for CO2 mass
transport, thereby accelerating the overall uptake or the
permeance of CO2 in the MMM. Such transport patterns were
already predicted and reported in the literature,[15] but are
here clearly visualized for the first time.
Furthermore, it should be noted that a high-CO2-concen-
tration layer (ca. 5 mm thick) is formed at the interface
between ZIF-8 and 6FDA-DAM polymer during the transient
adsorption, colored in red in Figure 2. At equilibrium, more
CO2 molecules tend to reside in the interfacial region,
compared to the bulk polymer phase. This phenomenon was
even more pronounced at higher CO2 pressures in the
surrounding gas phase. Figure 3 shows separate images of
CO2 concentration in the ZIF-8@6FDA-DAM MMM at
different equilibrium pressures at 308 K (see Supporting
Information). The increased CO2 concentration at the inter-
face was seen to become more prominent as we shifted to
higher equilibrium pressures.
To shed light on the causes of the CO2 accumulation at the
interface, two sets of molecular simulations have been
performed. First, the MOF/polymer interface was modeled
by applying a recently developed methodology[2a] that relies
on density functional theory (DFT) and force-field based
calculations. These simulations allowed us to obtain a micro-
scopic description of the structural features that characterize
the MOF/polymer interface. As a second step, the preferen-
tial location of adsorbed CO2 in this MOF/polymer model was
identified by means of grand canonical Monte Carlo (GCMC)
simulations.
Figure 1. A big ZIF-8 crystal embedded in 150 mm-thick 6FDA-DAM
polymer is placed in the measurement window (ca. 145 mm W 340 mm
size) and subjected to microimaging via IR microscopy. a) The ZIF-
8@6FDA-DAM MMM under the microscope in Viewing Mode.
b) Color-filled contour map of ZIF-8 content in absence of CO2. The
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A previously DFT-optimized ZIF-8 [011] surface model[2a]
was combined with a polydisperse 6FDA-DAM model
generated by an in silico polymerization procedure.[16] The
polymer was modeled as a flexible collection of charged
Lennard-Jones (LJ) sites with bonds, angles and dihedral
energy potential parameters taken from the general amber
force field,[17] charges computed at the DFT-level and 12-6 LJ
interatomic potential parameters taken from the TraPPE[18]
potential as already used for other polymers.[2a,19] The model,
consisting of several chains ranging between 9 and 37 mono-
mers, was validated by a very good agreement between
simulated density and X-ray scattering pattern and the
corresponding experimental data (see Supporting Informa-
tion and Figure S6). This model was subsequently combined
with that for the ZIF-8 surface model through a series of
molecular dynamics (MD) simulations that included changes
in temperature and pressure to allow the polymer to adapt its
configuration to the external field imposed by the chemistry
and morphology of the MOF surface.[2a] Finally, structural
data were collected from 10 statistically independent MD
runs, spanning 10 ns each. The interface was found to be
inhomogeneous at the nanometer scale, consisting of well-
defined microvoids that are delimited by anchoring points
resulting from weak interactions between the -NH and -OH
terminations at the ZIF-8 surface and the -CH3, -CF3, and
-CO groups of 6FDA-DAM (see Figure 4a, Figure S8 and
Supporting Information). Figure 4 b shows the atomic density
of 6FDA-DAM as a function of the distance from the ZIF-8
surface along the z-direction (note that here the z-direction
corresponds to the direction perpendicular to the MOF
surface). In the closer proximity to the surface the atomic
density of the polymer drops to zero (Region A). This step-
change which occurs along the first nanometer of the surface
(9: 1 c) is a consequence of the presence of the microvoids
at the interface, of up to 9 c diameter (see details in
Supporting Information and Figure S7). These microvoids
are large enough to accommodate CO2 molecules, and might
be the origin of the CO2 injection from the MOF into the
polymer, as discussed above. The prediction of the presence
of microvoids is further supported by solid-state nuclear
Figure 2. Consecutive, time-resolved images of CO2 concentration in the ZIF-8@6FDA-DAM MMM during CO2 uptake driven by a pressure step
from 0 to 400 mbar at 308 K. Each image is an averaged image of 8 scans captured during a) 3–27 s, b) 69–93 s, c) 130–154 s, d) 183–207,
e) 237–261 s, f) 291–315 s, g) 344–368 s, and h) 415–439 s after the commencement of the CO2 uptake. The increase in the CO2 concentration is
indicated by the color change from blue to red.
Figure 3. Separate images of CO2 concentration in the ZIF-8@6FDA-DAM MMM at different pressures: a) 200 mbar, b) 400 mbar, c) 600 mbar,
d) 800 mbar, e) 1000 mbar of CO2 at 308 K. Each image is an averaged image of 64 scans captured at equilibrium. The increase of the CO2
concentration is indicated by the color change from blue to red.
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magnetic resonance (SSNMR) experiments (see Supporting
Information). The 13C-1H HETCOR (heteronuclear correla-
tion) spectrum of the ZIF-8@6FDA-DAM MMM revealed
the absence of strong interactions between the filler and the
polymer, thereby implying poor compatibility of the two
components (Figures S9–S11). Above a distance of 5 c away
from the last atom of the MOF surface, the atomic density of
polymer fluctuates around more or less a constant value
(Region B), which still differs from that of the bulk polymer.
This means that the polymer in Region B still feels the impact
of the MOF surface and a larger length along the z-direction
would be required to mimic a bulk-like behavior at longer
separating distances, as previously evidenced for the HKUST-
1/PVOH[2b] composite. Regions A and B describe the MOF/
polymer interface and its first-neighbor environment, respec-
tively, and consequently they only constitute a tiny part of the
high CO2 concentration region found at the border of the
MOF nanoparticle (nanometers versus micrometers).
To confirm that the CO2 molecules can reside in the
microvoids, GCMC simulations were further performed to
explore the preferential sittings of CO2 into the atomistic
composite model. Two different CO2 pressures were
explored: 0.15 and 30 bar to model the first adsorption stage
and the saturation regime, respectively. The CO2 molecule
was described by a charged LJ 3-sites model[20] while all atoms
of the MOF model were treated with charged LJ sites with
parameters taken from the UFF[21] force field. The CO2
molecules were found to be primarily located both in the
ZIF-8 pores and in the microvoids present at the MOF/
polymer interface (Figures 4c, d). These results thus provide
microscopic insight into the structural features that give rise
to the first stages of the generation of the high CO2
concentration region at the ZIF-8/6FDA-DAM interface. It
is important to remark that the high CO2 concentration region
extends experimentally up to the micrometer scale, while the
microvoids we describe are of sub-nanometric dimensions.
We thus propose that the filling of the microvoids is only the
first step in a mechanism that must also involve other transfer
phenomena at the mesoscopic scale that cannot be currently
investigated with our atomistic-based models.[2b]
In summary, microimaging by IR microscopy has been
applied to record the evolution of CO2 concentration in the
ZIF-8@6FDA-DAM mixed-matrix membrane (MMM). To
our knowledge, such a type of measurements visualizing the
difference in “localized” CO2 concentration between the
polymer and the filler has never been achieved so far. We
have demonstrated from the time-resolved images that the
CO2 molecules propagate from the filler, which appears to act
as a “highway” for CO2 mass transport, to the surrounding
polymer. We have also observed the enhancement of CO2
concentration at the interface between the polymer and the
filler at equilibrium. This phenomenon becomes even more
pronounced at higher gas pressures. A microscopic explan-
ation of the first stages of this phenomenon has been provided
by means of atomic simulations, which have evidenced the
presence of microvoids at the MOF/polymer interface.
GCMC simulations have shown that the accumulation of
CO2 molecules is favored in these microvoids, which could
constitute the first step in the mechanism of the formation of
the high CO2 concentration layer at the interface with the
MOF and further support the importance of filler-polymer
compatibility in MMM performance.
In future studies, the CO2 transport diffusivity in the same
MMM should be measured by following the “diffusion front”
Figure 4. a) Representative snapshot of the interface in which microvoids can be seen (C gray, O red, N blue, H white). b) Atomic density of ZIF-8
and 6FDA-DAM as a function of the coordinate perpendicular to the ZIF-8 surface, c),d) Representative configurations of the loaded MMM
models at low and high pressure, respectively.
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that may propagate from an open edge of a surface-coated
MMM towards its interior in which fillers are located. After
calculating the diffusivity, the Maxwell model,[8] which is often
considered as the most appropriate model to predict MMM
behavior especially for MMMs with low volume fractions of
filler,[4, 22] may be applied to study its validity in the present
MMM.
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IR Microimaging of Direction-Dependent Uptake
in MFI-Type Crystals
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Covering MFI-type zeolite crystals with Al2O3 by atomic layer deposition is shown to make the external zeolite crystal
impermeable for guest molecules. By corresponding manipulations of the crystal certain faces can be opened for guest
molecules. In this way, IR microimaging can be applied to record the evolution of transient intracrystalline concentration
profiles along the crystals longitudinal extension. The introduced method of covering may provide the possibility of
observing fluxes of reactant and product molecules within single zeolite crystals during catalytic reactions.
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1 Introduction
The great economic impact of nanoporous materials is
based on the intimate contact with the internal pore surface
experienced by the guest molecules in their interior. De-
pending on the intended technological application, this
contact can be exploited for matter sensing [1], storage
[2, 3], separation [4, 5], and/or conversion [6, 7]. The per-
formance of all these applications is related to the rate of
molecular mass transfer between the interior of these mate-
rials and their surroundings. Knowledge about the limiting
processes of intrinsic mass transfer and their quantitation is
therefore among the prerequisites for an optimum techno-
logical application of such materials. Molecular mass trans-
fer is, simultaneously, one of the omnipresent and most
fundamental phenomena in our world ensuring, e.g., the
functionality of any biological organism. Investigating mass
transfer is thus, also an attractive topic of fundamental
research, with challenges in both experimentation [8, 9] and
in theory [10] and simulation [11]. Simulation becomes par-
ticularly ambitious if it is scheduled to cover many orders of
magnitude as relevant, e.g., for following mass transfer and
conversion from the elementary steps up to the macro-
scopic dimensions of industrial plants. The present paper is
dedicated to one of the pioneers of the multi-scale ap-
proaches developed for this type of simulation [12, 13].
The outcome of simulations can, as a matter of course,
never be better than allowed by the underlying assumptions
on host structure and interaction energies. Deviations of the
host material from a regular crystal structure like the pres-
ence of stacking faults in the interior [14, 15] or anomalies
(surface barriers [16, 17]) on their external surface are often
found to be rate determining for mass transfer [18]. The
quantitation of such influences by molecular modelling
[19 – 25], however, is heavily impeded by the lack of infor-
mation about structural details. Knowledge about the
influences of such structural peculiarities became accessible
with the advent of the microscopic techniques of diffusion
measurement [26 – 30], notably with the recent introduc-
tion of microimaging by interference and IR microscopy
[17, 31, 32].
The information provided by microimaging is the inte-
gral in observation direction (assigned to x coordinate in
the following). The spatial resolution in the (y-z) obser-
vation plane attainable by IR microscopy is from about
3 mm up to, typically, tens of micrometers [33]. The fact that
microimaging is only able to record the concentration inte-
gral in observation direction (rather than the local concen-
tration itself) does not mean any restriction for 1D and 2D
pore systems if the observation direction is chosen perpen-
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dicular to the pore system. In such cases, local concen-
tration does not vary in x direction so that, except for a fac-
tor of proportionality, the concentration integral coincides
with the local concentration. The factor of proportionality
can be determined by carefully calibrating the concentration
integral by comparison with the data of absolute adsorption
isotherm for the given pressure. Examples include studies
with zeolites of type AFI [34, 35] and MOF manganese for-
mate [36] for diffusion in one dimension and with zeolites
of type FER [37] and DDR [32] for diffusion in two dimen-
sions.
Local concentrations and their variation in space and
time may even become accessible by microimaging with 3D
pore spaces if host particles with purposefully sealed exter-
nal surfaces are applied. Then molecular uptake and release
is forced to occur by fluxes within the observation plane,
i.e., perpendicular to the direction of observation. In this
way, microimaging by IR microscopy could be applied for
monitoring the transient concentration profiles of reactant
and product molecules within permeable catalysts [38]
allowing the one-shot determination of effectiveness factors
[39] and for deciding about the applicability of Fick’s diffu-
sion laws by direct experimental evidence [40].
The present communication deals with the application of
this measuring principle to the individual crystals of zeolites
of type MFI, notably to specimens exhibiting an elongated
(coffin-like) morphology [41 – 43]. After coating of the
external surface, the crystal under study had been broken
into two pieces. Molecular uptake and release with such
fragments is expected to mainly occur by fluxes through the
fracture plane, i.e., in the direction of the longitudinal ex-
tension of these crystals. This is in contrast to conventional
uptake and release experiments with such type of crystals
where molecular fluxes are directed mainly perpendicular
to the longitudinal crystal extension. Previous micro-
imaging experiments of molecular uptake and release were
exclusively performed under such conditions [44 – 46].
The present experiments follow those by Caro et al. [41]
who succeeded in recording molecular uptake by MFI-type
crystals along either their longitudinal or transverse exten-
sion after their corresponding embedding in sputtered cop-
per. In addition to recording overall uptake and release
(being nothing else than the space integrals over the con-
centration profiles), a report about first experiments reveal-




The experiments have been performed with a zeolite sample
of type silicalite-1 (the aluminum-free version of structure
type MFI), which has been synthesized following the
procedure extensively described in [47], i.e., from alkali-free
synthesis gels of molar composition (TPA)2O:10.8SiO2:
32(NH4)2O:310H2O using tetrapropylammonium bromide
((TPA)Br, 98 %, Aldrich) as the structure-directing agent
(template), Ludox AS 40 (Aldrich) as the silicon source, de-
ionized water as the solvent, and ammonia solution (32 %,
Aldrich) for pH adjustment. Fig. 1 shows a typical represen-
tative of the thus obtained crystals. Zeolite crystals of this
type have already been applied in previous microimaging
experiments [44 – 46, 48] performed in the conventional
way, i.e., with molecular uptake through, mainly, the
extended side faces.
Subsequently, a part of the crystals was covered by layers
of Al2O3 via atomic layer deposition (ALD) [49] in a Beneq
TFS 200 type ALD reactor. Trimethyl aluminium (TMA)
and water were used as the precursor materials for the
Al2O3 deposition at 200 C. During the deposition the pres-
sure inside the vacuum chamber was 9.5 mbar, while in the
reactor chamber 1.1 mbar. The ALD growth cycle consisted
of the following steps: 450 ms TMA dose, 3 s of nitrogen
purge, 450 ms of H2O, 3 s of nitrogen purge. In general,
concentration (or partial pressure) of precursors is not
monitored or controlled in ALD reactors. Instead, the pulse
time is adjusted, which determines the amount of precursor
molecules entering the reactor in an ALD cycle and the time
during which molecules can react with the surface to be
coated.
In order to make sure that the deposition will cover the
samples all over two methods are chosen. One batch was
transferred into the ALD reactor within a steel mesh pocket,
while another batch was placed in the reactor within a small
container. Only a small amount of the zeolite powder was
placed in the fine mesh pocket. At larger quantity, the mate-
rial would form aggregates impenetrable for the precursor
molecules during the process. The well scattered, small
amount of zeolite powder grants the best possible coverage
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Figure 1. Scanning electron microscopic image of a typical rep-
resentative of the MFI crystals which have been subject to the
coating procedure and, subsequently, to microimaging via IR





of a relatively large number of crystals from all the possible
directions: the precursor and purge gas flow shake, role and
even lift the zeolite crystals up, while the mesh pocket keeps
the material in place inside the reactor.
After the deposition, the deposited Al2O3 layer thickness
was measured by a profilometer on glass test samples placed
within the pocket, in front of the container and also the
pocket. The thickness of the deposited Al2O3 on the sample
within the mesh pockets was 32 nm, whereas within in front
of the container and the pocket was 35 nm. The growth
cycle was repeated 240 times; accordingly, the growth rate
was 1.33 – 1.46 Å cycle-1. In order to see if Al2O3 was depos-
ited on the crystals, too, pictures and energy dispersive
X-ray spectroscopy (EDX) spectra were recorded by a
HITACHI S4300-CFE scanning electron microscope (SEM)
with FEG source with a Bruker (SDD) EDX detector. The
surface of the crystals was found to be smooth and evenly
coated. The EDX measurements showed the presence of Al
on the samples suggesting that the deposition was success-
ful. This conclusion is in complete agreement with the
evidence provided by high-resolution SEM as exemplified
with Fig. 2, with no indications for disruptions in the sur-
face coverage.
2.2 IR Microimaging of Molecular Uptake
IR spectroscopy allows the direct monitoring of the concen-
tration of the guest molecules in porous materials by ex-
ploiting their property to absorb infrared (IR) light of well-
defined wavelengths [50]. In the present study, a Fourier-
Transform (FT)-IR microscope of type Bruker Hyperion
3000 consisting of a spectrometer (Bruker Vertex 80v) and a
microscope with a Focal Plane Array (FPA) detector was
used [31, 33, 51]. The FPA detector consists of an array of
128 ·128 single detectors with a size of 40 ·40 mm each. By
means of a 15· objective, a resolution of 2.7 ·2.7 mm is
gained in the focal plane, where the sample is placed. Spatial
resolution is impeded by sample extension in observation
direction [33] yielding, with the samples under study, a
spatial resolution of typically 8 mm. Each single element of
the FPA detector records an IR transmission spectrum. The
concentration of a particular molecular species is propor-
tional to the intensity of its absorption band at a character-
istic frequency [50]. In the present study, the C-H stretching
vibration band in the range of 3000 – 2850 cm–1 was investi-
gated. Most importantly, the relevant part of the IR trans-
mission spectrum proved to remain unaffected by the
coating procedure.
As the concluding step in sample manipulation, already in
the cuvette under the microscope, a selected crystal was
broken into two parts by means of a thin needle. This action
proved to be, under the given spatial confinement, a particu-
larly challenging task (with a hit rate of probably 10 %). Sam-
ple preparation was concluded with keeping the cuvette at a
temperature of 400 C (heating rate 1 K min–1) under contin-
ued evacuation over a period of 24 h. After turning the heater
off the sample cell was left in the oven for 2 h for soft cooling
down, until a temperature of about 100 C was reached. The
cooling to room temperature was finished by waiting and
keeping the cell for an additional hour in the sample holder
of the microscope. All uptake measurements were performed
at room temperature (298 K) and initiated by a pressure step
from 0 to 1 mbar of isobutane within the cuvette.
3 Results and Discussion
Fig. 3 provides an overview of the transient concentration
profiles as recorded by IR microimaging during the uptake
of isobutane within a crystal of zeolite MFI, with the exter-
nal surface coated by an Al2O3 layer and a permeable plane
of fracture at about z = 30 mm. From the adsorption iso-
therm reported in [52], maximum loading (given by the
equilibrium concentration under an isobutane pressure of
1 mbar in the surrounding atmosphere) can be assigned to
be equal to 2.84 molecules per unit cell.
It is noted that the crystal under consideration does nicely
comply with the expectation, evidencing molecular uptake
to occur only through the plane of fracture. The limitation
in spatial resolution is recognized to which was referred
already in Sect. 2.2. It appears, at the crystal boundary in y
direction, in a decrease in concentration over about 8 mm
(irrespective of the fact that the close to perfect planes as
appearing from Fig. 1 should give rise to an essentially
instantaneous drop in concentration).
This limitation in spatial resolution, however, is seen to
affect in no way the main message of the measurements as
appearing from Fig. 3: uptake is clearly visible to occur, as
intended, through the area of fracture. There is no further
source of uptake so that the coating procedure did work
perfectly. Simultaneously it was noted that the area of frac-
ture does notably deviate from a perfect plane. Such devia-
tions must be attributed to the fracturing procedure.
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Figure 2. High-resolution SEM of the external surface of zeolite





Fig. 4a shows, for subsequent instants of time, mean val-
ues of the intracrystalline molecular concentrations from
Fig. 3 as a function of z in the center of the crystal (i.e.,
along its longitudinal extension). We note the broad distri-
bution of these concentrations already shortly after onset of
molecular uptake (i.e., after 27 s), which is easily recognized
as a consequence of the deviation of the entrance area from
an ideal plane. Thus, as a consequence of this deviation, dis-
tances Dz to the plane of entrance must be expected to vary
with the values of x, i.e., in observation direction. This
spreading in z becomes immediately visible in the distribu-
tion of the concentration profile at the beginning of molec-
ular uptake as recorded, in the given case, 27 s after the
onset of the uptake process.
Parallel with an increase in their maximum values, the dis-
tribution curves are seen to become broader with increasing
time, accompanied by a shift of the maximum towards in-
creasing values of z. Concentrations to the left of the maxi-
mum approach a time-invariant value giving rise to a ramp in
concentration, starting with c » 0 at z » 20mm. It approaches
its maximum at z » 60mm, about 1000 s after the onset of ad-
sorption. The area of fracture is thus seen to be extended over
a distance of about 40mm in z direction. Over this range,
molecular uptake may, thus, also occur perpendicularly to the
longitudinal extension of the crystal. Fig. 4b shows the time
dependence of matter uptake through this part of the crystal.
Plotted are the maxima in concentration (marked as dots in
Fig. 4a) as a function of time. If the proportionality with rela-
tive uptake m(t)/m¥ is implied, the uptake curve may be
transferred into the time constant of molecular uptake (the
first statistical moment) via the relation [53 – 55]












which, for the uptake curve shown in Fig. 4b, yields a value
of tintra = 202.8 s.
Under the combined influence of transport resistances by
intracrystalline diffusion and surface barriers the time con-








with D and a denoting, respectively, the intracrystalline
diffusivity and the permeability of the surface barrier.
Inserting, for an order-of-magnitude estimate, L = 5 mm and
Dxy = 10
–12m2s–1 (i.e., the values reported in [44] for diffu-
sion perpendicular to longitudinal crystal extension) into
Eq. (2), intracrystalline diffusion is seen to contribute to the
overall time constant with not more than about 10 s. Molec-
ular uptake through the area of fracture is thus seen to be
mainly controlled by a surface barrier, which, obviously,
emerged during the process of fracturing or in the subse-
quent interval of time. The chosen way of sample prepara-
tion turns out to be insufficient for their removal. Although
this study is not intended to investigate the creation or
nature of surface barriers in MFI-type crystals, it shall be
emphasized that this subject remains a hot topic of
current research. While at the outer surface of the original
crystals used here no surface barriers were evidenced for
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Figure 3. Transient concentration profiles for the uptake of isobutane (0 – 1 mbar) in silicalite-1 at 298 K as recorded by IR microimaging.
The crystal was covered by impenetrable layers of Al2O3 via ALD and broken on the left end. The concentration front is clearly seen to





the uptake of isobutane [44], this finding might not hold
for other batches, guest molecules or crystals of different
size [18].
On exploring mass transfer in direction of the elongated
extension of the MFI crystal two difficulties are found:
molecules may enter the crystal over a range of about
40 mm in direction of its longitudinal extension (rather than
at a well-defined value on the z coordinate), and uptake
through this range is heavily retarded by the presence of
surface barriers. These constraints loose, as a matter of
course, their relevance with increasing distances from the
area of fracture and with the increase in time elapsed since
the onset of adsorption.
This strategy was followed with the plots (full lines) dis-









where the concentration at z = 60 mm (i.e., at the end of the
area of fracture) is implied to instantaneously assume its
equilibrium value. The influence of loading on the diffusiv-
ities was taken account of by adopting the concentration
dependence of Dxy determined already in [44]. Here, for the
same pressure step (from 0 to 1 mbar) as considered in also
this study and, hence, for the same range of concentrations
(from 0 to 2.84 molecules per unit cell), the diffusivity Dxy
was found to increase monotonously, by a factor of 1.7 over
the whole interval.
We have to recollect that, with the evidence provided by
Fig. 4b, equilibration between the external atmosphere and
the guest concentration in the fracture area is seen to be
dramatically retarded. The concentration profiles shown in
Fig. 4c can therefore only be expected to provide reasonable
estimates for times sufficiently large in comparison with the
time constant of about 200 s, determined as the first mo-
ment of the uptake curve at the area of fracture. It is noted
that, starting with t = 600 s and for sufficiently large distan-
ces Dz from the area of fracture, the solutions of Fick’s law
are indeed found to yield reasonable approaches to the
experimentally recorded profiles. The absolute values of the
diffusivities Dz, which have been determined to yield the
best fit to the experimental data are found to be by only a
factor of 2 smaller than the diffusivities Dxy determined in
previous studies for mass transfer perpendicular to the
crystal’s longitudinal extension, i.e., in x and y direction
[44 – 46].
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Figure 4. a) 1D transient concentration profiles obtained as
slices along z (in the middle of the crystal) from the profiles in
Fig. 3. The gradual rise over 40 mm on the left corresponds with
the deviation of the area of fracture from an ideally plane face
(as illustrated by the cartoon above the figure). b) Time-depen-
dence of uptake in the range of z = 20 – 60 mm. The points corre-
spond to the maxima of the profiles in Fig. 4a. With the formal-
ism of the first statistical moment (Eq. (1)), the time constant of
uptake is estimated to be about 200 s. c) Comparison of the
experimental profiles (points) with the profiles obtained by
numerical solution of Fick’s 2nd law (Eq. (3)) with the loading-
dependence of the diffusivity determined in [44] for the same





This finding deviates from the result of pulsed filed gra-
dient nuclear magnetic resonance (PFG NMR) diffusion
measurement with methane in MFI-type zeolites [56] with
oriented crystal, allowing diffusion measurement in either
longitudinal or transverse direction. Here, diffusivity in
transverse direction (Dxy) was found to exceed that in longi-
tudinal direction (Dz) by at least a factor of 5. This outcome
was also the expected one, given the results of molecular
dynamics (MD) simulations [57, 58] in combination with
the implication that molecular diffusion along one of the
two channel systems (namely the straight and sinusoidal
ones [59]) is confined to planes perpendicular to the longi-
tudinal crystal extension and that diffusion in longitudinal
direction has to proceed in displacements alternating be-
tween the two channel systems. Correspondingly, the rate of
propagation is notably reduced [60], however, the loading
dependences remain comparable. This we have made use of
also in the present study by exploiting the concentration
dependences determined in [44] for Dxy.
One should have in mind, however, that with a ratio
Dxy/Dz of only about 3 between the diffusivities in trans-
verse and longitudinal direction, also the uptake experi-
ments with oriented MFI crystals embedded in sputtered
copper reported in [41] revealed a less pronounced diffu-
sion anisotropy. With a ratio of Dxy/Dz = 2 between the dif-
fusivities as derived from the propagation rates of diffusion
fronts in transverse and longitudinal direction, diffusion
anisotropy as appearing in the present study is even further
reduced.
MFI-type zeolites are known to appear with a multitude
of different morphologies [61 – 64]. This includes the exis-
tence of interfaces [47, 65, 66] which, under mechanical
stress during crystal fracturing, might extend to gaps, which
accelerate mass transfer in also longitudinal crystal direc-
tion. Such possibilities can be largely excluded by improving
the fracturing procedure, e.g., by focused ion beam section-
ing [67, 68]. Concerning the formation of surface barriers
on the fractured face, another option could be washing
(etching) the fractured crystals with a NaOH or HF solu-
tion. Even if this procedure did not always change the per-
meability of the outer surface ([18] contains a systematic
investigation and extended discussion on this subject),
notable changes are expected when it is applied to the (tem-
plate-free) fractured crystal face. Such experiments are in
preparation.
4 Conclusion
Covering the external surface of MFI-type crystals with a
layer of Al2O3 via atomic layer deposition has been shown
to ensure total blockage of the internal pore space from
molecular uptake out of the surrounding atmosphere. By
disruption of the (elongated) crystals one may create an
area of fracture through which molecular uptake becomes
possible. Molecular uptake is seen to remain visible via IR
microimaging, irrespective of coverage of the external crys-
tal surface. It appears from the evolution of the transient
concentration profiles that uptake does not occur through a
plane breaking edge but, rather, over quite an extended area.
Uptake is, moreover, significantly retarded in comparison
with the behavior to be expected for diffusion limitation so
that the breaking procedure has given rise to the formation
of additional transport resistances (surface barriers) on the
external surface. These drawbacks are expected to be allevi-
ated with further improvement of the fracturing procedure,
notably with the application of focused ion beam sectioning
or with etching the fractured crystals with a NaOH or HF
solution.
Coverage of the external surface allowed the recording of
the propagation of guest molecules along the longitudinal
extension of MFI-type zeolite crystals. To the best of our
knowledge, never before such type of measurement had
been performed. The diffusivities Dz resulting from the ob-
served propagation rates were, most astonishingly, by only a
factor of 2 smaller than the diffusivities Dxy observed with
the same crystals in their transverse direction. It is still too
early to decide whether this finding has simply to be attrib-
uted to the formation of additional pathways (e.g., cracks)
in longitudinal crystal direction, which had been created
during fracturing or if it points towards other structural de-
fects (e.g., stacking faults, intergrowths patterns), which
speed up mass transfer in this direction.
As the most important outcome of these studies, surface
sealing by atomic layer deposition on MFI-type zeolite crys-
tals has been shown to provide us with the situation, suc-
cessfully exploited already with the recording of the fluxes
of the various molecules involved in the chemical reactions
within catalyst-doped porous glasses [38]. This type of
experiment should now become as well possible within the
single crystals of catalytically active zeolites.
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Symbols used
a [m s–1] surface permeability
D [m2s–1] transport diffusivity
Dxy [m
2s–1] transport diffusivity in transverse
direction of the crystals
(i.e., mainly along zigzag channels)






2s–1] transport diffusivity in longitudinal
direction of the crystals (along c-axis)
tintra [s] time constant of molecular uptake
Abbreviations
ALD atomic layer deposition
EDX energy dispersive X-ray spectroscopy




MFI zeolite framework of type material ZSM-5
(zeolite socony mobil – five)
PFG NMR pulsed filed gradient nuclear magnetic
resonance




[1] A. Baskin, P. Král, Sci. Rep. 2011, 1, 00036. DOI: 10.1038/
srep00036
[2] S. Jakobtorweihen, F. J. Keil, Mol. Simul. 2009, 35 (1 – 2), 90 – 99.
DOI: 10.1080/08927020802378936
[3] L. Wang, R. T. Yang, Ind. Eng. Chem. Res. 2010, 49 (8),
3634 – 3641. DOI: 10.1021/ie1003152
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[46] L. Gueudré, T. Binder, C. Chmelik, F. Hibbe, D. M. Ruthven,
J. Kärger, Materials 2012, 5 (4), 721 – 740. DOI: 10.3390/
ma5040721
[47] W. Schmidt, U. Wilczok, C. Weidenthaler, O. Medenbach,
R. Goddard, G. Buth, A. Cepak, J. Phys. Chem. B 2007, 111 (48),
13538 – 13543. DOI: 10.1021/jp075934p
[48] C. Chmelik, A. Varma, L. Heinke, D. H. Shah, J. Kärger,
F. Kremer, U. Wilczok, W. Schmidt, Chem. Mater. 2007, 19 (24),
6012 – 6019. DOI: 10.1021/cm071632o
[49] S. M. George, Chem. Rev. 2010, 110 (1), 111 – 131. DOI: 10.1021/
cr900056b
[50] P. R. Griffiths, J. A. de Haseth, Fourier Transform Infrared
Spectroscopy, Wiley & Sons, New York 1986.
[51] C. Chmelik, J. Kärger, Chem. Soc. Rev. 2010, 39 (12), 4864 – 4884.
DOI: 10.1039/C0CS00100G
[52] C. Chmelik, L. Heinke, J. Kärger, W. Schmidt, D. B. Shah, J. M.
van Baten, R. Krishna, Chem. Phys. Lett. 2008, 459 (1 – 6),
141 – 145. DOI: 10.1016/j.cplett.2008.05.023
[53] M. Kocirik, A. Zikanova, Ind. Eng. Chem. Fundam. 1974, 13 (4),
347 – 350. DOI: 10.1021/i160052a009
[54] R. M. Barrer, Zeolites and Clay Minerals as Sorbents and Mole-
cular Sieves, Academic Press, London 1978.
[55] J. Kärger, D. M. Ruthven, D. N. Theodorou, Diffusion in Nano-
porous Materials, Wiley-VCH, Weinheim 2012.
[56] U. Hong, J. Kärger, R. Kramer, H. Pfeifer, G. Seiffert, U. Müller,
K. K. Unger, H. B. Lück, T. Ito, Zeolites 1991, 11 (8), 816 – 821.
DOI: 10.1016/S0144-2449(05)80061-2
[57] P. Demontis, E. S. Fois, G. Suffritti, S. Quartieri, J. Phys. Chem.
1990, 94 (10), 4329 – 4334. DOI: 10.1021/j100373a083
[58] R. L. June, A. T. Bell, D. N. Theodorou, J. Phys. Chem. 1990,
94 (21), 8232 – 8240. DOI: 10.1021/j100384a047
[59] C. Baerlocher, L. B. McCusker, D. H. Olson, Atlas of Zeolite
Framework Types, 6th ed., Elsevier, Amsterdam 2007.
[60] J. Kärger, J. Phys. Chem. 1991, 95 (14), 5558 – 5560.
DOI: 10.1021/j100167a036
[61] M. H. F. Kox, E. Stavitski, B. M. Weckhuysen, Angew. Chem., Int.
Ed. 2007, 46 (20), 3652 – 3655. DOI: 10.1002/anie.200700246
[62] E. Stavitski, M. R. Drury, D. A. M. de Winter, M. H. F. Kox, B. M.
Weckhuysen, Angew. Chem., Int. Ed. 2008, 47 (30), 5637 – 5640.
DOI: 10.1002/anie.200801433
[63] L. Karwacki, E. Stavitski, M. H. F. Kox, J. Kornatowski, B. M.
Weckhuysen, Angew. Chem., Int. Ed. 2007, 46, 7228 – 7231.
DOI: 10.1002/anie.200702012
[64] I. L. C. Buurmans, B. M. Weckhuysen, Nat. Chem. 2012, 4 (11),
873 – 886. DOI: 10.1038/nchem.1478
[65] M. Kocirik, J. Kornatowski, V. Masarik, P. Novak, A. Zikanova,
J. Maixner, Microporous Mesoporous Mater. 1998, 23 (5 – 6),
295 – 308. DOI: 10.1016/S1387-1811(98)00126-7
[66] M. B. J. Roeffaers, B. F. Sels, H. Uji-i, B. Blanpain, P. L’Hoest, P. A.
Jacobs, F. C. de Schryver, J. Hofkens, D. E. de Vos, Angew. Chem.,
Int. Ed. 2007, 46 (10), 1706 – 1709. DOI: 10.1002/anie.200604336
[67] C. E. Shuck, M. Frazee, A. Gillman, M. T. Beason, I. E. Gunduz,
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CHAPTER 4. Importance of PFG NMR in diffusion studies 
Two published papers will be presented in this chapter. Publication 4.1, as a review 
article, narrates the history of PFG NMR, arguably the most well-established technique 
measuring intracrystalline self-diffusivity and other transport-related quantities, whilst 
stressing its remarkable achievement for the paradigm shift in our understanding of mass 
transfer in zeolites and other nanoporous materials. PFG NMR measurements with zeolites 
showed that there was a notable discrepancy between the intracrystalline diffusivities obtained 
by PFG NMR and those deduced from conventional sorption measurements. This disparity in 
diffusivities clearly resulted from that fact that the molecular uptake in the sorption 
measurements largely depended on not only the intracrystalline diffusivity but also the 
molecular permeability through the crystal surface. Consequently, the sorption measurements 
often gave rise to the diffusivities which were lower than the “genuine” intracrystalline 
diffusivities measured by PFG NMR. 
The flow of new knowledge concerning the genuine intracrystalline diffusivity also 
shifted the focus of research onto the types of molecular diffusion. It was reported that in the 
application of PFG NMR to beds of zeolite crystals (type NaCaA), the type and the magnitude 
of obtained diffusivities varied significantly depending on the size of the crystals, the 
observation time and temperature. For example, with large crystals at sufficiently low 
temperatures genuine intracrystalline diffusion was observed, whereas with small crystals 
restricted diffusion and long-range diffusion were observed at sufficiently low and high 
temperatures, respectively. This, in turn, means that, irrespective of the precision of the 
measurements, the quantities estimated from the measurements could be sheer nonsense if the 
data analysis is based on a wrong assumption about the diffusion type.  
Correlating the experimental data with the “right” type of diffusion, i.e. relevant 
diffusion phenomenon, is particularly critical for the nanoporous materials used in catalytic 
processes since misinterpretation of the diffusion data could lead to a wrong evaluation of the 
catalytic performance, and hence direct economic consequences, as shown by the example of 
the industrial fluid catalytic cracking (FCC) catalyst consisting of USY zeolite crystals.  
Then, Publication 4.1 continues demonstrating the unmatched capability of the PFG 
NMR technique for measuring molecular diffusion in complex systems by showing several 
examples, including diffusion measurement of “trapped” water molecules in the small cages of 
lithium-exchanged low-silica X-type zeolites via a combination of magic angle spinning (MAS) 
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and PFG NMR, a promising, problem-solving approach to less mobile systems with increased 
pore complexity.   
On the other hand, Publication 4.2 is a case study on the applicability of NMR cryo-
porometry and –diffusometry to hierarchically porous silica monoliths. First, by using 
nitrobenzene as a probe liquid, the spin-echo signal intensities, which were proportional to the 
number of nitrobenzene molecules in the liquid phase in the pores, were recorded to plot the 
melting curves. As expected, a sharp bulk phase transition between the liquid and the solid 
phases was observed at around 5.7 ℃. Using the Gibbs-Thomson equation and the melting 
curves obtained from the cryoporometry, the pore size distribution (PSD) of the silica monolith 
was determined. In addition to the PSD, the signal attenuations in mesopores, macropores and 
meso-macropores were measured to estimate the self-diffusivities corresponding to the 
individual subspaces. The obtained diffusivities did not change with varying observation time, 
indicating that the long-range diffusion took place even with the shortest observation time of 
2 ms. To study the short-range diffusion and the transient regime, another probe liquid with at 
a lower diffusivity was required. Lastly, the tortuosity factors of the subspaces were determined 
from the diffusivities. This study was a clear demonstration that PFG NMR was not only a 
measurement technique for self-diffusion but also a useful tool assessing the structural 
properties, such as PSD and tortuosity factor, of hierarchically porous materials by monitoring 




















NMR diffusometry with guest molecules in nanoporous materials
Seungtaik Hwang, Jörg Kärger⁎
Faculty of Physics and Earth Sciences, Leipzig University, Leipzig, Germany
A B S T R A C T
Application of pulsed field gradient (PFG) NMR to studying molecular diffusion in beds of nanoporous materials has given rise to novel insights and paradigm shifts in
our understanding, which are reviewed in the present contribution. This gain in information is, in particular, related to the ability of PFG NMR to discriminate
between various mechanisms affecting mass transfer in such systems. Examples include, inter alia, the sensitivity of PFG NMR toward transport enhancement in pore
hierarchies as well as toward transport resistances acting, in addition to the diffusional resistance of the genuine pore space, either on the crystal surfaces or in their
interior.
1. Introduction
As an omnipresent and fundamental phenomenon in nature, diffu-
sion is of central importance for transport of the constituents of matter,
namely, atoms and molecules [1–3]. Among the existing, non-invasive
measuring techniques for investigating molecular diffusion, such as
conventional uptake and release measurements [4–6] (including zero
length column (ZLC) [7,8] and frequency-response [9–11] techniques
as refined variants), permeation studies [12–14], quasi-elastic neutron
scattering (QENS) [15,16], interference microscopy [17,18] and in-
frared microscopy [19–21], it was in particular the pulsed field gradient
technique of nuclear magnetic resonance (PFG NMR – also referred to
as pulsed gradient spin-echo (PGSE) NMR, NMR diffusometry and q-
space imaging) [22,23] which proved to be an especially powerful
technique. It has occupied, correspondingly, a most decisive role in
diffusion studies, ranging from unconstrained molecular diffusion in
liquids [24–27] to mass transfer of guest molecules in host porous
materials [28–31] and in biological systems [32–34].
In particular, convincing demonstrations of the applicability of the
PFG NMR technique to zeolites [30,35–38] have secured its firm foot-
hold in studies of molecular self-diffusion in the intracrystalline pore
system of zeolite crystallites. One of the major breakthroughs in the
studies was that PFG NMR initiated a dramatic paradigm shift in the
interpretation of the intracrystalline diffusion in zeolites by proving
that a substantial discrepancy existed between the zeolitic diffusivity
obtained by PFG NMR and the corresponding diffusivity deduced from
conventional sorption experiments [39]. This discrepancy is due to the
fact that the sorption measurements are based on the observation of
molecular uptake by crystals, whose rate is affected by not only the
intracrystalline diffusivity but also the permeability of the molecules
through the crystal surface. If this latter effect is not taken into account
and data analysis is performed solely under the implication of diffusion
limitation, the sorption experiments do indeed give rise to an in-
tracrystalline diffusivity lower than its genuine value measured by PFG
NMR in which the influence of structural surface resistances is excluded
[40].
The present review narrates the history of how PFG NMR, based on
its ability to provide clear and direct evidence of quite a number of
transport-related quantities, did finally succeed in accomplishing the
paradigm shift in our understanding of mass transfer in zeolites and
other nanoporous materials. The options for gaining deeper insights are
shown to continue to exist up to the present. They are exemplified with
the challenges provided by diffusion in hierarchically organized porous
materials and the options of PFG NMR for, once again, providing in-
sights into the phenomena determining intrinsic mass transfer in such
novel materials which, so far, have remained inaccessible by any other
measuring techniques.
2. Diffusion in beds of nanoporous crystallites
2.1. The “various” diffusivities
As a most important feature of the application of PFG NMR to beds
of nanoporous crystallites, it has to be recognized that the type and the
magnitude of diffusivities significantly depend on molecular displace-
ments and, hence, on the size of the crystals under study. In other
words, depending on the chosen observation time and measuring
temperature, the molecular displacements will vary significantly, and
the length of the mean diffusion path relative to the size of the crystals
will decide which type of diffusion gives rise to the observed NMR data.
In principle, three regimes of diffusion can be observable: in-
tracrystalline diffusion, restricted diffusion and long-range diffusion.
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One has, correspondingly, to distinguish between the three types of
diffusivities by adapting the Einstein equation Deff=〈r2(t)〉/(6t) for
correlating the (effective) diffusivity with the mean square displace-
ment and the observation time.
As a convenient means of representing the regimes, the concept of
mean propagator [41–43] can be employed. It is based on the well-
known Stejskal-Tanner equation [22] correlating the local propagator
and the probability distribution of molecular locations with the PFG
NMR signal attenuation. It results from Fourier transformation of the
signal attenuation and represents the probability that an arbitrarily
selected molecule within a sample has traveled a distance x – typically
micrometers – during a certain observation time t – typically milli-
seconds (in PFG NMR often referred to by the symbol Δ). The different
regimes accessible in this way are illustrated in Fig. 1, which shows
examples of the application of this formalism to ethane molecules in
zeolites of type NaCaA.
In Fig. 1a, with large crystals at sufficiently low temperatures, in-
tracrystalline diffusion can take place. This is a genuine intracrystalline
diffusion within a homogeneous system since the molecular displace-
ments are far longer than the pore diameters (thus indeed ensuring
“random walk” of the guest molecules), but still much smaller than the
crystal sizes. Fig. 1b shows restricted diffusion which may occur with
small crystals at sufficiently low temperatures. In this case, most of the
molecules are not able to overcome the energetic barrier to diffuse
through the crystal surfaces (i.e. to get to the higher energetic level of
molecules in the gas phase) and thus remain confined to the interior of
the crystals in which they are accommodated. Therefore, the resulting
diffusivity is exclusively determined by the size of the restricting vo-
lume and the observation time.
At sufficiently high temperatures, in Fig. 1d, the thermal energy is
high enough to enable the molecules to leave the small, individual
crystals and to diffuse through the whole batch, with interchanging
periods of migration within and outside the crystals. This type of pro-
pagation is commonly referred to as long-range diffusion. This is exactly
the situation under which M. Bourdart et al. have performed their
measurements [45], with the mean diffusion path length of the water
molecules exceeding the size of the zeolite crystals. The “effective”
diffusivity probed by PFG NMR in this case, i.e. the long-range diffu-
sivity Dlong-range, is simply given by the product of the fraction of mo-
lecules outside the crystals pinter and their diffusivity Dinter. This diffu-
sivity may be very high, so that it overcompensates for the fact that the
fraction pinter is very small, giving rise to an overall diffusivity Dlong-range
which, possibly, may even exceed the diffusivity in the liquid Dliquid
[46,47].
With larger crystals considered in Fig. 1c, the information about the
relative fraction of the molecules which have left the crystals after a
given (observation) time can be acquired by distinguishing between the
two constituents of the mean propagator. The narrow constituent at
relatively small x corresponds to the molecules still staying within the
crystals, while the broad one at larger x is brought about the molecules
having left the crystals. The relative fraction of the molecules which
have left the crystals is directly given by the area under the broad
constituent and is seen to increase with increasing observation time t
(Fig. 1c). Plotting this fraction is thus easily seen to provide information
equivalent to that of tracer exchange between the interior and the
surroundings of the crystals. Tracer exchange, however, is known to be
affected by intracrystalline diffusion AND permeation through the
crystal surface, different from the PFG NMR measurement performed
under the conditions shown in Fig. 1a which is exclusively determined
by intracrystalline diffusion. Having these two types of independent
information, PFG NMR was able to identify the existence of “surface
barriers” as the origin of the huge differences (up to five orders of
magnitude!) between conventional and PFG NMR diffusion measure-
ments with zeolites [39,48].
Zeolite crystals are industrially applied for, notably, matter up-
grading by molecular sieving/separation and/or conversion, where
they are commonly used as compacted particles consisting of numerous
crystallites. For optimizing their performance, it is of crucial im-
portance to be equipped with knowledge of the limiting processes of
mass transfer, including the mechanisms of intracrystalline and long-
range diffusions. This is exactly the type of information which can be
provided by PFG NMR. As an example, we are going to refer to a PFG
NMR diffusion study [49] performed with particles of industrial fluid
catalytic cracking (FCC) catalysts, which consist of USY zeolite crystals
(the catalytically active component, containing micropores) and a
binder matrix (containing meso- and macropores). Fig. 2 shows, as a
result of the study, the two different “types” of n-octane diffusivities,
namely the intracrystalline diffusivity and the long-range (“in-
traparticle”) diffusivity, in the FCC catalysts as a function of tempera-
ture. Since the measuring temperatures in PFG NMR are much lower
than the range of the actual operating temperature in the industry, the
data are simply extrapolated to higher temperatures. At a typical op-
erating temperature of 600 °C, the intracrystalline diffusivity is ex-
pected to be lower than the intraparticle diffusivity. The relevant time
Fig. 1. Joint scheme of the mean propagators visualizing the diffusion paths of ethane molecules in beds of zeolite crystallites (type NaCaA) of different sizes (radius
R) at 153 K and 233 K. The measurements are carried out in equilibrium conditions.
(Source: Reproduced from Ref. [44] with permission from the Royal Society of Chemistry).
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constants, however, depend on not only the respective diffusivities (D)
but also on the sizes (L) of the zeolite crystals and the catalyst particles
(scaling as L2/D which is easily seen to be the only way to combine
these two parameters to a quantity with the dimension of time). Con-
sidering the size of the individual crystals, which is ca. 40 times smaller
than that of the particles, the uptake times in the crystals should be
much shorter than those in the whole particles. Therefore, the rate of
the overall transport in the FCC catalysts, which determines the cata-
lytic performance and hence the rate of gain of value-added products, is
exclusively controlled by the rate of mass transfer through the catalyst
particles, i.e. by the intraparticle diffusivity. Correspondingly, it is
found that the overall catalytic performance in oil-to-gasoline process is
enhanced with increasing intraparticle diffusivity as indicated by an
increase in the oil-to-gasoline conversion in Fig. 3.
2.2. The two-region model
As an attempt to comprise the various situations under which PFG
NMR diffusion studies may be performed and which are seen to appear
with quite different patterns of the mean-propagator representations
(Fig. 1), the formalism of the two-region model [50–52] was introduced
already in the late 1960s. It is based on the assumption that the overall
mass transfer in the system under study is described by the diffusivities
Di in the two regions, their relative populations pi and the mean life
times τi in either of them. Since the relative populations add up to 1
(p1+ p2= 1) and are, moreover, subject to the detailed-balance con-
dition p1/τ1= p2/τ2, the dynamics in the two-region model is de-
termined by four independent parameters. By introducing the mean life
times it bears, inherently, the implication that, during the time interval
dt, any molecule will get from its present region (i) to the other one
with the probability dt/τi, i.e. independent of its history. One easily
recognizes that this implication is not strictly fulfilled with the system
under study if the intracrystalline pore space and the space between the
crystals are understood as the two regions in this model. The prob-
ability that a particular molecule is able to leave its crystal does, ob-
viously, significantly depend on its “history”, namely on the diffusion
path length that it has covered previously within the given crystal.
Nevertheless, the two-region model has been found to serve as a useful
first-order estimate, nicely reproducing – in at least a qualitative way –
the situation in beds of zeolite crystallites [53] as well as in many more
“compartmented” systems [54–60]. This is, in particular, true for bio-
logical tissues, where the role of “compartments” is assumed by the
biological cells [61–64].
Accessible information enhances with the possibility of attaining
separate NMR signals from the molecules accommodated in the two
different regions [58,65]. On considering mass transfer in zeolites, such
a possibility is indeed known to be provided by combining PFG NMR
measurement with magic angle spinning (MAS) [66–68], as recently
demonstrated [69] with the investigation of water diffusion in lithium-
exchanged low-silica X-type zeolites [70,71].
Fig. 4 shows the two lines of water molecules which, in such a way,
become observable. The lines at about 3.5 and 5.1 ppm refer, respec-
tively, to the water molecules “trapped” in small cages within the
Fig. 2. n-Octane diffusion in fluid catalytic cracking (FCC) catalysts.
(Source: Reprinted with permission from Ref. [49]. Copyright 2005 American
Chemical Society).
Fig. 3. Correlation between intraparticle diffusivities and catalytic perfor-
mance.
(Source: Reprinted from Ref. [37], Copyright 2005, with permission from
Elsevier).
Fig. 4. Stack plots of the 1H MAS PFG NMR signal attenuation for water in 100Li-LSX at 313 K (a) and 373 K (b) for the indicated observation times Δ. The field
gradient amplitude increases from 0.011 Tm−1 to 0.486 Tm−1.
(Source: Reprinted from Ref. [69], Copyright 2018, with permission from Elsevier).
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zeolite structure (the so-called sodalite cages [72]) and to the remaining
ones in the intracrystalline pore space which is in fast exchange both
internally and, through the intercrystalline space, with also the other
crystals. The sodalite cages accommodate about 5.6% of the total water
content [73,74]. Measuring the NMR signals stemming from the two
spaces separately is only possible owing to a combination of magic
angle spinning (MAS) with PFG NMR which, ultimately, enables us to
probe water exchange between the two regions. At a low temperature
(Fig. 4a), the signal attenuation with increasing pulsed field gradient
intensity exhibits an expected behavior: diffusion attenuation for the
free water in the larger pores and no attenuation at all for the bound
water in the tiny pores (in which only four water molecules are ac-
commodated!). At a high temperature, however, the bound water mo-
lecules also show diffusion attenuation. Now, during the largest ob-
servation time considered, a notable fraction of the water molecules are
obviously able to leave the small cages (Fig. 4b), being replaced by
others coming from “outside”. They, correspondingly, have the chance
of covering sufficiently large displacements giving rise to the observed
signal attenuation.
By attributing the water molecules inside and outside the sodalite
cages to the two regions we are, obviously, able to get rid of the lim-
itation in the two-region model mentioned initially in this section. All
the molecules in the sodalite cages may, as a matter of course, escape
from there anytime with equal probability, and the probability that a
molecule “from outside” may enter a sodalite cage is as well in-
dependent of its past, i.e. from the distance that it has covered on its
diffusion path. As a further simplification we note that the diffusivity of
the water molecules within the sodalite cages is known, that is, equal to
zero.
Fig. 5 shows the result of the fitting procedure by a solution of the
two-region model of PFG NMR, aiming to serve as an approach to the
experimentally determined signal attenuation as a function of the
pulsed field gradient intensity (here represented by the parameter q)
shown in Fig. 4. It takes into account that one is able to separately
record the signals stemming from the two regions with different prop-
erties of nuclear magnetic relaxation. The model calculations are seen
to nicely reflect all major features of the experimental results. For the
low temperature, the results of the simulation are even found to be in
excellent agreement with the PFG NMR data (Fig. 5a and b). At the high
temperature, however, systematic deviations for the freely diffusing
water molecules become clearly visible (Fig. 5c). This limitation in
accuracy is easily referred to the fact that mass transfer through the
intra- and intercrystalline pore space is too complex for being ade-
quately represented by a single diffusivity as required by the approach
inherent to the two-region model.
2.3. Confinement by external and internal transport resistances
Under the conditions of the PFG NMR measurements as considered
in Fig. 1b, the molecules are assumed to remain caught within the in-
terior of the individual crystals. This may be brought about as a con-
sequence of the potential energy step (being of the order of the heat of
adsorption) which, at sufficiently low temperatures, results in a di-
minution of the probability of molecular jumps from the interior of the
crystal into the surrounding gas phase to arbitrarily small values. The
same effect is also attained by a total blockage of intercrystalline space
(as achieved, e.g., in Ref. [75] by coating with silica). Under such
conditions, for sufficiently long observation times (as implied in the
case shown in Fig. 1b) the propagator becomes independent of time
and, hence, of the mean square displacement (being nothing else than
the squared distribution width or variance of the propagator). Via
Einstein's relation, the PFG NMR diffusivity attained under such con-
ditions is easily seen to decay, inversely proportional to time.
It is important to note that analytic expressions do as well exist for
the short-time limit where the molecules start to “experience” their
confinement by the surface of the crystals. This formalism has been
developed by Mitra and co-workers [76,77] for the diffusion of mole-
cules confined to a macropore. The developed formalism does even
Fig. 5. PFG NMR signal attenuation plots for different observation times Δ as a function of the squared intensity q of the field gradient pulses: free water (a) and
bound water (b) at 40 °C; free water (c) and bound water (d) at 100 °C.
(Source: Reprinted from Ref. [69], Copyright 2018, with permission from Elsevier).
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offer the option of discriminating between “reflecting” (as so far con-
sidered) and “absorbing” boundaries. On considering n-hexane in zeo-
lite NaX [78], with appropriately chosen particle sizes and measuring
temperatures, the dependence of the diffusivities on the observation
time were indeed found to follow the limiting case of reflecting
boundaries in the Mitra formalism [76,77], even with an indication of
the deviation from a linear square root dependence, predicted by the
formalism as a second-order effect.
While the large hexane molecules are kept within the crystal as a
consequence of their high heat of adsorption, thus indeed experiencing
the crystal boundary as a reflecting barrier, the tetrafluoromethane
molecules are observed to be small enough for leaving the crystals es-
sentially anytime they have reached their external surface. The mole-
cules which have left the crystals cover very large displacements and
their contribution to overall signal attenuation (see Fig. 1c) is, there-
fore, easily to be distinguished from those within the crystals. It is thus
easily possible to confine analysis to only those molecules which have
never been in contact with the surface. This is the situation with the
other limiting case of the Mitra formalism, considering “absorbing”
boundaries where molecules, once they have reached the surface, do
not contribute anymore to the signal.
Diffusion in beds of nanopores with no surface resistances and large
long-range diffusivities are thus found to represent an alternative to the
situation originally considered in the Mitra formalism, where signal loss
on the surface (of the macropore) was associated with its high relax-
ivity. The validity of the formalism was confirmed by a satisfactory
agreement between the PFG NMR data and the microscopically de-
termined values of the crystal radius as appearing from Fig. 6. The
values of the genuine intracrystalline diffusivities D0 and the crystallite
radii R, the two parameters obtained from the best fits of the Mitra
formalism, are tabulated in Table 1.
After detecting the possibility that the mass transfer is significantly
affected by the resistances on the external crystal surfaces, it comes as a
big surprise to observe anomalies in the PFG NMR diffusivities even
under conditions where they are supposed to coincide with the coeffi-
cients of genuine intracrystalline diffusion. Fig. 7 shows the results of
such a study performed with zeolite crystals large enough in compar-
ison with the recorded diffusion path lengths, so that the resulting
diffusivities should be independent of the observation time [79]. This,
however, is only the case with the largest temperature. One has to
conclude, therefore, that the mass transfer in the interior of the in-
dividual crystals is also affected by transport resistances acting in ad-
dition to the diffusion resistance incurred by the genuine pore space
itself. Increasing thermal energy of the guest molecules facilitates, with
rising temperature, overcoming these internal barriers: accordingly, at
sufficiently high temperature, the mass transfer may in fact be expected
to become unaffected by these barriers, yielding consistency of the re-
corded diffusivities with varying observation time. The validity of this
reasoning has been confirmed by dynamic Monte Carlo simulations
[80] which (based on quite simple assumptions on the resistances,
namely a spacing of 3 μm and an activation energy of 21.5 kJ/mol) are
found to exhibit perfect agreement with the experimental data, as in-
dicated by the solid lines in Fig. 7. Today, confirmed by the information
meanwhile obtained by also microspectroscopy [81–83], transmission
electron microscopy [84] and comparison with QENS diffusion data
(recorded with displacements of nanometer rather than micrometers)
[85–87], the existence of such internal resistances is known to be more
like a general rule rather than an exception.
The effects of both the confinement by external surfaces and the
resistances at internal interfaces are clearly recognized in diffusion
measurements of water molecules and lithium cations in hydrated
zeolite Li-LSX [73]. The first (steep) and the second (moderate) slopes,
in both Fig. 8a and b, correspond to the internal resistances and the
external barrier, respectively, thereby revealing that there are two types
of extra-resistances directly affecting the overall mass transport in the
zeolite, in addition to the diffusional resistance of the genuine pore
network [73]. These very first PFG NMR diffusion measurements with
cations in zeolites, to the best of our knowledge, have opened a new
field of research aiming at an in-depth study of cation locations and
their variation with time within zeolites.
3. Diffusion in pore hierarchies
The functionality of nanoporous materials in their technological
applications for matter upgrading by separation and selective conver-
sion relies on the intimate contact between the guest molecules and the
internal surface of the host materials. This intimate contact, typically
Fig. 6. Relative effective intracrystalline diffusivities D(t)/D0 as function of
D t0 for n-hexane in the single-component sample (○), in the two-component
sample (Δ), and for tetrafluoromethane in the two-component sample (□),
respectively. The lines shown in the diagram represent the best fits of the Mitra
formalism to the experimental data of D(t) with D0 and R as fitting parameters.
(Source: Reprinted from Ref. [78], with the permission of AIP Publishing).
Table 1
Estimate of the genuine intracrystalline diffusivities D0 and the crystal radii R
by PFG NMR data analysis on the basis of the Mitra formalism.
(Source: Reprinted from Ref. [78], with the permission of AIP Publishing).
D0 (m2 s−1) R (μm)
2 n-hexane/cav., single component adsorption, 298 K 3.53× 10−10 9.1
1 n-hexane/cav., two-component adsorption, 298 K 5.54× 10−10 7.8
1 tetrafluoromethane/cav., two-component adsorption,
203 K
4.17× 10−10 9.1
Fig. 7. Dependencies of the n-butane intracrystalline diffusivity on the root
mean square displacements at different temperatures: the experimental data
(points) and those obtained by dynamic Monte Carlo simulations (solid lines).
(Source: Reprinted from Ref. [80], Copyright 2002, with permission from
Elsevier).
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ensured by the pore sizes close to the molecular diameters, tends to
impede the translational mobility of the molecules in such systems. The
gain in value-added products, however, can never be faster than al-
lowed by the migration rate of the molecules. Small pore sizes of the
host material as a prerequisite of functionality do thus, at the same
time, restrain the performance by limiting the rates of molecular dif-
fusion. The fabrication of materials possessing “hierarchical” pore
spaces [88–92] has been recognized as a particularly promising option
for overcoming this trade-off. In such materials, a homogeneous space
of micropores (with pore dimensions in agreement with the required
functionality in separation or conversion) is permeated by a network of
mesopores, which ensures the sufficiently fast exchange between the
particle interior and the surroundings. Accompanied with this increase
in complexity, the number of parameters relevant for an accurate de-
scription of intrinsic mass transfer is also further increasing. We easily
recognize the necessity of introducing at least four parameters. They
coincide, most remarkable, with exactly those four independent para-
meters which we had already referred to in Section 2.2 considering the
two-region model, namely, the diffusivities, the relative occupancies of
the two pore spaces, and the exchange times (with only two of the latter
four parameters being arbitrary). The two-region model may thus serve
as a useful tool for an in-depth study of mass transfer in also hier-
archically porous materials. In many cases, however, it will be sufficient
to consider only the relevant limiting case [93,94]. We are going to
refer to them in more detail in the subsequent section, based on the
outcome of dynamic Monte Carlo simulations in an appropriately
chosen model system. The following sections shall deal with the pre-
sentation and discussion of the results of PFG NMR diffusion mea-
surements in “real” pore hierarchies.
3.1. Insights by dynamic Monte Carlo simulation
The top of Fig. 9 illustrates the model applied for simulating mass
transfer in a hierarchical pore space [93,94]. It consists of a micro-
porous continuum (top left), which is traversed by three arrays of
parallel channels (to which we refer as transport pores or mesopores),
perpendicular to each other (top right). Diffusion is simulated on a
network of equally separated grid points. Jump rates on grid points in
the transport pores are enhanced in comparison to those in the micro-
pores, giving rise to correspondingly enhanced diffusivities. Exchange
rates between the two pore spaces are chosen in correspondence with
the respective populations.
This model has, in particular, been exploited for investigating
molecular uptake and for correlating the patterns of guest distributions
with the rate-determining phenomena (and parameters) of mass
transfer during uptake. Molecular uptake is simulated by starting with
an empty lattice. Equilibrium with the surrounding atmosphere is en-
sured by keeping, after each simulation step, the fraction of occupied
grid points in the surface layer constant. The bottom of Fig. 9 shows two
typical patterns of guest distribution obtained as snapshots during the
simulation runs of molecular uptake. Both refer to identical partial
loadings. Depending on the parameters chosen for describing the in-
ternal mass transfer they show, however, distinctly different patterns.
In the representation on the bottom left we recognize that the mo-
lecular uptake occurs essentially homogeneously all over the crystal.
This exemplifies the limiting case of “slow exchange” where diffusion in
the transport (the meso-) pores is very fast in comparison with uptake
by the micropores. The space of mesopores is therefore filled by guest
molecules long before a significant portion of the micropores has been
occupied. Uptake occurs, as a consequence, over essentially the whole
of the internal surface of the mesopores. Its rate is thus determined by
the diffusivity in (exclusively!) the micropores. However, the diffusion
pathways to be covered for sample filling are now, owing to the pre-
sence of the mesopores, notably reduced. They may be shown [93,94]
to scale with the total volume of the microporous space divided by the
total area of the interface between the micro- and mesoporous spaces.
The representation on the bottom right depicts the opposite situa-
tion where “fast exchange” between the meso- and microporous spaces
gives rise to the formation of a diffusion front. It propagates from the
external particle surface toward its interior as it is the case with also the
purely microporous host material. This means that it is still the particle
size which determines the diffusion path lengths to be covered during
the molecular uptake or release. The effective diffusivity, however, is
now given by the combined effect of mass transfer in the micro- and
mesopores. The situation reminds of the regime of long-range diffusion
referred to in already Section 2.1 considering mass transfer through
beds of nanoporous crystals. Now, however, deviating from the situa-
tion with beds of nanoporous particles, the microporous space forms a
continuum, so that mass transfer in both pore spaces contributes to the
overall molecular uptake (or release). The effective diffusivity, corre-
spondingly, results as the weighted mean of the (effective) diffusivities
in the two pore spaces: Deff= pmicroDmicro+ pmesoDmeso. Note that, as a
consequence of the presence of the mesopores, Dmicro may notably differ
from Dintra measured in the purely microporous specimen. We are going
to experimentally show this case in the subsequent sections dealing
with the results PFG NMR diffusion studies in hierarchically organized
Fig. 8. Effective diffusivities of water (via 1H PFG NMR) at 25°C (a) and of the lithium cations (via 7Li PFG NMR) at 100 °C (b) in hydrated zeolite Li-LSX.
(Source: Reprinted with permission from Ref. [73]. Copyright 2013 American Chemical Society).
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pore spaces.
Mass transfer in hierarchically porous materials is thus seen to in-
deed depend on a number of parameters. There are, however, quite
different possibilities of how the overall mass transfer is affected by
these parameters. It has been visualized that, e.g., under the conditions
of “fast exchange”, uptake and release rates (as the key numbers of mass
transfer) vary with the particle size which is not the case under “slow
exchange” conditions. Though a sufficiently high diffusivity in the
mesopores is clearly a prerequisite for the limiting case of slow ex-
change, once established, molecular uptake and release under slow
exchange conditions are controlled by the diffusion rate in exclusively
the micropores. Uptake and release under fast-exchange conditions,
however, are affected by the diffusivities in both pore spaces.
Comprehensive knowledge about the governing phenomena of mass
transfer in hierarchically porous materials is thus considered quintes-
sential to design their optimum applications. Therefore, the develop-
ment of effective strategies for their determination by reliable experi-
ments has become a hot topic of current research [95] along with
particular challenges for PFG NMR diffusion measurements [96–99] –
some of which we are now going to refer to in more detail.
3.2. PFG NMR diffusion measurements in mesoporous zeolites
The enhancement of the overall mass transfer due to the presence of
mesopores is experimentally observed in PFG NMR diffusion measure-
ments of short n-alkanes in zeolite NaCaA [100,101]. In comparison
with the propane diffusivities in the purely microporous space, its ef-
fective diffusivity in the hierarchical pore system possessing both mi-
cropores and intentionally added mesopores is seen to increase by
several orders of magnitude, showing the largest diffusivities for the
largest mesopore content. The diffusivities shown in Fig. 10 are plotted
as a function of the observation time. Their constancy confirms that
only normal diffusion has occurred, with the covered displacements
between 200 nm and 10 μm.
While the great benefit of the mesopores was immediately visible
with propane, the situation becomes much more complex when con-
sidering ethane as a guest molecule (in the very same zeolite NaCaA
[101]), as illustrated by Fig. 11. This difference in the patterns must be
referred to the smaller critical diameter of ethane in comparison with
propane. Although the difference in the diameters is in fact quite subtle,
their similarity with the pore sizes is known [86,102,103] to give rise to
an enhancement of the diffusivity of ethane in zeolite NaCaA in com-
parison with propane by more than two orders of magnitude. This
dramatic increase does as well increase, for ethane, the contribution of
micropore diffusion to the overall (“effective”) diffusivity.
At low temperatures, the diffusivities in the mesoporous zeolites are
even found to be below those in the purely microporous ones. This is
due to the fact that, given their low occupancy at low temperatures, the
mesopores act as obstacles rather than as highways of mass transfer.
Exactly to such a situation we did refer already at the end of Section
3.1, highlighting the difference between Dmicro and Dintra. The validity
of this reasoning, i.e. mesopore hindrance to diffusion, is evidenced by
comparison of the diffusivities in zeolites with “open” mesopores (re-
presented by open symbols in Fig. 11) and those with blocked meso-
pores (filled symbols). At sufficiently low temperatures both diffusiv-
ities are indeed found to essentially coincide. Only at the highest
temperatures considered, the fraction of molecules in the mesopores
becomes large enough, so that the presence of the mesopores leads to an
increase in the diffusivity in comparison with the purely microporous
zeolites. The dashed line in Fig. 11 (with the slope given by the isosteric
heat of adsorption) serves only as a guide to the eye, indicating the
increase in pressure and, hence, in the relative amount pmeso of mole-
cules in the mesopores with increasing temperature where it is taken
into account that the relative number of molecules in the gas phase of
the (fused) PFG NMR sample tubes remains negligibly small in com-
parison with the amount adsorbed. The increase in the experimentally
Fig. 9. Model system applied for simulating mass
transfer: microporous continuum (top left) and ar-
rays of mesopores (top right). Distributions of guest
molecules in the modelled grid in the limiting cases
of slow exchange (bottom left) and fast exchange
(bottom right). The purely microporous body (small
squares) is percolated by a network of mutually in-
tersecting mesopores (equidistant channels).
(Source: Reproduced from Ref. [93], with permission
from John Wiley and Sons).
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determined diffusivities is seen to remain far below this estimate, evi-
dencing the substantial contribution of micropore diffusion to overall
mass transfer under even these conditions.
To the best of our knowledge, most of the PFG NMR diffusion stu-
dies performed with hierarchical materials have been carried out under
the fast exchange conditions. This is a consequence of the fact that, for
ensuring sufficiently large observation times together with the appli-
cation of sufficiently strong field gradient pulses, only systems of high
internal mobility (and with, correspondingly, large transverse nuclear
magnetic relaxation times) have been considered. Molecules are thus in
general found to repeatedly switch between the two pore spaces. It has
been demonstrated in Section 2.2 with the water molecules captured by
the sodalite cages that the combination of MAS and PFG NMR may
eventually transcend this limitation.
3.3. PFG NMR diffusion measurements in hierarchically porous silica
Novel opportunities and challenges for PFG NMR diffusion studies
with pore hierarchies have opened up with the advent of materials with
hierarchically arranged meso- and macropores. Fig. 12a shows, as an
example, the scanning electron micrograph of an hierarchically porous
silica monolith [104,105] consisting of a mesoporous bulk phase tra-
versed by macropores. With due precautions, PFG NMR is able to trace
mass transfer in three different scenarios as illustrated by Fig. 12b–d
[106]. The situation shown in Fig. 12b is attained by appropriately
choosing the measuring temperature above the melting point in the
mesopores, but below that in the macropores [107–110]. Slight tem-
perature enhancement leads to melting all over the sample and, thus, to
scenario (d). In fact, this scenario may even be maintained due to
“supercooling” [111,112] by, once again, carefully cooling down [113].
As a consequence, all measurements can be implied to be performed at
an essentially identical temperature of 273 K. Similarly, scenario (c) is
attained with, again, a supercooled probe liquid (at 273 K), but now in
the monolithic macroporous silica in which the mesopore structure is
not present due to the omission of postgelation treatments [114].
Fig. 12e provides an overview of the diffusivities attained in the
three scenarios considered, in comparison with the diffusivity in the
bulk liquid. As the most remarkable feature, the diffusivity under
condition (b) is observed to be quite significantly (by a factor of about
6) reduced, while diffusion in exclusively the macropores (c) and under
fast exchange conditions (d) are only slightly (by a factor of about 1.5)
below the bulk diffusivities. The latter finding is not unexpected since
the material under study has, among others, been designed for appli-
cation in chromatography [115,116] where high throughputs and,
correspondingly, low resistances by tortuosity are intended. On search
for the origin of the dramatic reduction of the diffusivity in solely the
mesopores (i.e. under condition b) we note that the mean diffusion path
lengths of the guest molecules as given on the abscissa in Fig. 12e are
comparable with or do even notably exceed the spatial extensions of the
purely mesoporous pore space which appear from the scanning mi-
crographs in Fig. 12a. The diffusional resistance, to which the guest
molecules are subject, is therefore caused by both the mesopore tor-
tuosity and by the tortuosity brought about by the finite extension of
the mesoporous pore space. We are thus encountering a situation to
which we referred already in the context of Fig. 11 where total blockage
of one pore space (there it was the mesopore space) was observed to
notably reduce the diffusivity in also the complementary pore space
[117].
The reduction in diffusivity is, in scenario (b), caused by the
blockage of the macropores and does, correspondingly, not exist any-
more under the fast-exchange conditions as considered in Fig. 12d. The
Fig. 10. Self-diffusivities of propane in zeolite NaCaA at 25 °C. Squares: purely microporous; Circles: mesoporous with a volume fraction ϕ =0.18; Triangles:
mesoporous with a volume fraction ϕ =0.30.
(Source: Reproduced from Ref. [100], with permission from John Wiley and Sons).
Fig. 11. Arrhenius plot of ethane self-diffusivities in zeolite NaCaA. Open cir-
cles: purely microporous; Open triangles: open mesopores with a volume
fraction of 0.18; Filled triangles: blocked mesopores with a volume fraction of
0.18; Open diamonds: open mesopores with a volume fraction of 0.30; Filled
diamonds: blocked mesopores with a volume faction of 0.30. The dashed line is
a guide to the eye, representing the variation of the contribution of diffusion in
the (unblocked) mesopores to the overall intracrystalline diffusivity with
varying temperature.
(Source: Reprinted from Ref. [101], Copyright 2012, with permission from
Elsevier).
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contribution of mesopore diffusion to overall mass transfer in scenario
(d) must therefore be expected to be notably larger than appearing from
scenario (b) where the macropores and, hence, also the interface be-
tween the macropore and mesopore spaces are blocked. It is due to this
reason that the diffusivity observed under condition (d) must be ex-
pected to be enhanced in comparison with the weighted mean of the
diffusivities resulting under conditions (b) and (c). This is exactly also
the outcome of the experiments shown in Fig. 12.
4. Conclusion
In the last few decades, PFG NMR has proved its unmatched cap-
abilities for investigating molecular translational diffusion in complex
systems, notably including nanoporous materials. It triggered a para-
digm shift in our understanding on intracrystalline diffusion and pro-
vided novel insights into various limiting cases of diffusion in nano-
porous materials. Convincing demonstrations of the applicability of the
PFG NMR techniques to zeolites have impressively evidenced the im-
portance of a close control of the key parameters and of the boundary
conditions under which the experiments are performed. Only under
such conditions, a valid correlation of the obtained data with physically
meaningful phenomena and processes becomes attainable. Most re-
cently, PFG NMR has in particular shown its enormous potential for
probing diffusion in hierarchically organized porous materials. A sig-
nificant enhancement of their quality features in comparison with
conventional “monodisperse” porous materials is accompanied by a
dramatic increase in the number of influencing parameters and, thus, in
also the expenses of their measurement. Comprehensive knowledge on
the governing phenomena of mass transfer, however, is quintessential
for the optimum design and application of these materials. Combination
of MAS and PFG NMR has reinforced the potential of NMR diffusometry
by offering a new possibility for diffusion measurement with molecules
of extremely low mobility which, so far, have been unobservable by
PFG NMR. This paves the way for a new promising approach of NMR
diffusometry to less mobile systems with increasing complexity.
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A systematic NMR cryo-porometry and -diffusometry study using nitrobenzene as a probe 
liquid is carried out in order to characterise pore structures of hierarchically-organised porous 
silica monolith possessing mesopores along with a 3D bicontinuous macropore network. The 
result obtained from NMR cryoporometry shows the presence of a relatively wide mesopore 
size distribution of 10-35 nm. Furthermore, NMR cryodiffusometry indicates that whilst the 
mesopores are highly tortuous ( ≈6), they have little influence on the overall tortuosity of 
the material ( ≈1.5), which is largely dominated by the macropores ( ≈1.7). 
Keywords 
NMR cryoporometry, pore size distribution (PSD), PFG NMR, NMR cryodiffusometry, 
hierarchically porous silica monolith 
1. Introduction 
Due to enormous practical importance of nanostructured porous materials in diverse fields, 
such as catalysis and gas separations, there has been a constant demand for novel experimental 
techniques for probing pore-structural properties of such materials in a well-defined way. 
Amongst many experimental techniques, nuclear magnetic resonance (NMR) has been 
considered as a powerful tool yielding valuable information on pore space in porous materials 
[1-4]. In particular, textural and structural properties, for example, pore size distribution (PSD) 
and tortuosity factor, , of porous materials can be effectively measured by employing NMR 
techniques at low temperatures, i.e. NMR cryo-porometry and -diffusometry [5-7]. In the 
present work, a systematic study of NMR is carried out at low temperatures in order to 
characterise different pore spaces in hierarchically porous silica monolith possessing mesopores 
This work is licensed under a Creative Commons Attribution 4.0 International License. 
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/
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along with a 3D bicontinuous macropore network. This experimental approach has enabled us 
not only to suppress the NMR signal from solid phase with an appropriate interpulse delay, but 
also to confine the diffusion of intrapore fluid exclusively into mesopores by freezing out the 
fluid in macropores. As a result, we can simultaneously monitor phase equilibrium of the 
intrapore fluid and its diffusion in each pore space. Nitrobenzene is used as a probe liquid since 
it exhibits a sharp bulk phase transition between liquid and solid phases at a relatively mild 
temperature of 5.7 ℃. Such conditions are of use, especially when plotting a melting curve of 
the guest molecules confined in a porous medium with a wide pore size distribution. The data 
of nitrobenzene melting curves are converted to PSD using the Gibbs-Thomson equation. With 
NMR cryodiffusometry we measure the effective long-range diffusivities of nitrobenzene 
confined in different pores and calculate the tortuosity factor of each pore space, which exhibits 
valuable information on the interpore connectivity.  
2. Methods and Materials 
















   
 
2.2. NMR Cryoporometry  
 NMR cryoporometry exploits the difference in the transverse NMR relaxation rates between 
solid and liquid phases. With an interpulse delay of 3 ms between the radiofrequency pulses in 
the Hahn echo pulse sequence, the NMR signal from the solid phase was effectively suppressed, 
so that the signal from the liquid phase could be measured exclusively [4]. Therefore, the 
normalised signal intensity was proportional to the number of nitrobenzene molecules in the 
liquid phase in the pores. A complete melting curve was plotted by the following procedure: 
firstly, temperature was slowly decreased until the nitrobenzene was completely frozen out and 
the spin-echo signal disappeared. The signal disappeared at a very low temperature which is far 
lower than the bulk equilibrium transition temperature due to a strong supercooling effect. 
Secondly, the temperature was increased in small steps, giving 500 s to reach phase equilibrium 
after every temperature increment. Then, the spin-echo signal was measured at each 
temperature. After plotting a melting curve of nitrobenzene confined in the pores, the detected 
Figure 1. Photograph and SEM images of 
hierarchically porous silica monolith with 
mesopore and a 3D bicontinuous macropore 
network [10]. 
The porous silica monoliths produced by the 
Nakanishi process [8-9] were prepared in the 
Smarsly lab [10]. In the present work, two types 
of silica monoliths were used: one is silica 
monolith with macropores (ca. 2-4 μm) only, and 
the other, which is shown in Fig 1., is 
hierarchically porous silica monolith possessing 
both macro- and mesopores. For sample 
preparation, the monoliths were broken into 
small grains or fine powders and outgassed using 
a vacuum pump. Then, they were soaked in 
nitrobenzene for at least 24 hours under ambient 
conditions to fully saturate the pores. Whilst the 
powder sample was placed in an NMR tube with 
excess nitrobenzene, the samples with small 
grains were prepared without excess liquid on the 
external surface.     
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temperature shift of melting point of nitrobenzene was used to produce the pore size distribution 
(PSD), according to the Gibbs-Thomson equation: 
 
     ∆ = − = ⁄     Eq. 1 
 
where   is pore diameter,  is bulk equilibrium transition temperature,  is actual melting 
point, and  is Gibbs-Thomson coefficient for the liquid in the pores. 
 
2.3. NMR Cryodiffusometry 
 Pulsed field gradient (PFG) NMR experiments with Hahn echo pulse or 13-interval sequence 
[11] were conducted on a home-built spectrometer operating at 125 MHz for protons to measure 
the effective, long-range diffusivities of the supercooled nitrobenzene at 0 ℃ along the freezing 
branch. The basic concept of this NMR cryodiffusometry is to trace the diffusion behaviour of 
the probe liquid confined in a specific pore subpopulation which is set and controlled by 
freezing or melting the liquid [4, 12]. To measure its diffusivity solely in the mesopores, the 
macropores should be blocked and only the mesopores are open. This condition was achieved 
by slowly heating the frozen sample up to a temperature slightly below   (5.7 ℃  for 
nitrobenzene) and reversing the direction of the temperature change, i.e. from melting branch 
to freezing branch, to drop it down to 0 ℃. In this way, the presence of a seed crystal or nucleus 
which initiated the crystal homogeneous nucleation cancelled out the undesired supercooling 
effect; hence nitrobenzene in the macropores and bulk nitrobenzene on the external surface 
were completely frozen at 0 ℃ (see Fig. 2 Sample A). On the other hand, nitrobenzene confined 
in the mesopores remained in the liquid phase since such confinement led to a depression in the 
freezing (or melting) point which was inversely proportional to the pore size, i.e. the Gibbs-
Thomson effect [4]. Fig 2. shows the samples under study. The calculated diffusivities were 
used to determine the tortuosity factors of different pore spaces according to the following 
equation: 
 
      =    ⁄       Eq. 2 
 
 
3. Results and Discussion 
 Upon heating the samples up, starting from a completely frozen state of nitrobenzene, the 
spin-echo signal intensities corresponding to the number of nitrobenzene molecules in the liquid 
phase in the pores were recorded to plot the so-called melting curves shown in Fig. 3. The signal 
from the solid phase was effectively eliminated using an interpulse delay of 3 ms between the 
two radiofrequency pulses in the Hahn echo pulse sequence since the transverse relaxation 
Figure 2. Samples with different pore spaces. (A) a nitrobenzene molecule diffusing exclusively in the 
mesopores. The macropores are blocked due to the frozen phase of nitrobenzene there. (B) a 
nitrobenzene molecule diffusing exclusively in the macropores. No mesopores are present in this 
material. (C) a nitrobenzene molecule diffusing through the hierarchically porous silica monolith with 
both meso- and macropores. 
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times in the frozen nitrobenzene phase were sufficiently shorter than 3 ms. As expected, a sharp 








 For samples A and C in Fig. 3, there is a gradual increase of the signal intensity in the region 
between T = -4 ℃ and T = 4 ℃. The signal intensity in this region represents the number of the 
molecules in the liquid phase confined in the mesopores, and hence their corresponding volume, 
VP. The gradual increase, therefore, implies the presence of a wide distribution of the mesopore 
sizes as well as a high interpore connectivity. If the samples had a well-defined mesopore 
structure with unconnected linear pores, we would have observed a sharp stepwise increase of 
the signal intensity in the region, as shown by Kondrashova et al. [13].       
  
 The collected data of Fig. 3 can be readily converted to the pore size distribution (PSD) 
function presented in Fig. 4 using the literature value of the Gibbs-Thomson coefficient for 
nitrobenzene, = 125 K nm [4] and the Strange-Rahman-Smith equation [14, 15]:   
 
      =         Eq. 3 
 
where  is pore volume,  is pore diameter,  is temperature, and  is Gibbs-Thomson 























Sample A: Nitrobenzene in meso-and macropores (powder form)
Sample B: Nitrobenzene in macropores  (small grains without
excess nitrobenzene on the external surface)
Sample C: Nitrobenzene in meso- and macropores (small grains
without excess nitrobenzene on the external surface)
Sample D: Bulk nitrobenzene
The signal in this region corresponds
to the molecules in the liquid phase
confined in the mesopores.
Figure 3. Melting curves of nitrobenzene in different samples. (A) Nitrobenzene in meso- and macropores 
(powder form). (B) Nitrobenzene in macropores (small grains without excess nitrobenzene on the 
external surface). (C) Nitrobenzene in meso- and macropores (small grains without excess nitrobenzene 



















 Silica monolith with 







 In addition to NMR cryoporometry, PFG NMR experiments were conducted at 0 ℃ (along 
the freezing branch) using four different observation times, t, i.e. different diffusion times. In 
the measurements, the 13-interval sequence was employed for 10, 40 and 160 ms. However, 
for the shorter observation time of 2 ms, the Hahn echo pulse sequence was used since it was 
too short for the 13-interval sequence in which a finite duration of the z-storage delay was 
required. The obtained spin-echo attenuation plots for t = 40 ms are only presented in Fig. 5, as 
an example. Shown are the first linear parts of the spin-echo attenuations yielding the effective 






 Fig. 6 (a) and (b) show the final results of the NMR cryodiffusometry experiments performed 
with the four samples. Using nitrobenzene as a probe liquid, the diffusivities have already 
reached a plateau even at t = 2 ms, thereby yielding the long-range diffusion only. It is because 
the displacement of the slowest Sample A during the given observation times already far 
exceeds the size of the mesopores (see Fig. 6 (b). Another probe liquid with a lower diffusivity 
is needed to further study the short-range diffusion and the transient regime.    
y = -7.5E-11x + 2.4E-03
y = -2.5E-10x - 1.4E-02
y = -3.0E-10x + 4.4E-02




















Figure 4. Pore size distribution of the hierarchically porous 
silica monolith with meso- and macropores, obtained from 
NMR cryoporometry. The solid line serves as a guide to the 
eye.  
 The details of the relevant 
calculations can be found 
elsewhere [12, 13]. The obtained 
PSD in Fig. 4 shows the highest 
peak at around =13 nm. As we 
predicted from the gradual 
increase of the signal intensity in 
Fig. 3, the PSD exhibits a 
relatively wide mesopore size 
distribution of 10-35 nm. 
Figure 5. Spin-echo attenuation plots for t = 40 ms. (A) Solely mesopores. (B) Solely macropores. (C) 









 The calculated diffusivities can be used to estimate the tortuosity factors of different pore 
space using Eq. 2. The tortuosity factor of the mesopores is then defined as  =  ,⁄ , which is approximately 6. Similarly, =   , ≈ 1.7⁄  
and =   , ≈ 1.5⁄ . Whilst the mesopores are highly tortuous, they have 




 In the present work, a systematic study of nuclear magnetic resonance (NMR) at low 
temperatures using nitrobenzene as a probe liquid is carried out. We demonstrate and discuss 
the applicability of our experimental approach in probing pore-structural properties, such as 

























































separately even in hierarchically porous silica monolith in which meso- and macropores coexist 
and are well-connected. It is shown that the experimental method, intentionally freezing and 
melting the intrapore fluid, can be successfully used to effectively eliminate the spin-echo signal 
from the solid phase and to continuously monitor the phase equilibrium of the fluid and its 
diffusion in each subpopulation of the pores in other hierarchically porous materials.    
 
 The PSD obtained from the NMR cryoporometry indicates the presence of a wide mesopore 
size distribution of 10-35 nm in the hierarchically porous silica monolith. In the NMR 
cryodiffusometry, we estimate the diffusivities of nitrobenzene in different pore spaces and 
their tortuosity factors. The mesopores in the silica monolith are much more tortuous than the 
macropores. Since the root-mean-square displacement of nitrobenzene far exceeds the size of 
the mesopore, further research using another probe liquid with a lower diffusivity is necessary 
to understand the short-range diffusion and the transient regime.  
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CHAPTER 5. Complementary benefits of IR microimaging and 
PFG NMR 
As a concluding chapter of the present work, this chapter discusses complementary 
benefits of IR microimaging and PFG NMR, by employing them in parallel, in the studies of 
diffusion in nanoporous materials. Publication 5.1 first succinctly summarises what is 
mentioned in chapter 3 and 4, namely the potential of IR microimaging and PFG NMR as 
microscopic diffusion measurement techniques, and then explains in detail that the comparison 
of the results of the two independent measurements can effectively prevent the 
misinterpretation of the experimental data based on wrong assumptions about the underlying 
diffusion phenomena, one of the continuing issues in the diffusion measurements as mentioned 
in the previous chapter. The data quality and reliability can therefore be enhanced by applying 
PFG NMR in parallel with IR microimaging.  
On the other hand, Publication 5.2 stimulates a revival of the “two-region model” by 
looking at it from a fresh angle. The two-region model, also known as “Kärger model” in the 
field of magnetic resonance imaging (MRI), was originally introduced to simplify the analysis 
of PFG NMR diffusion data in beds of zeolite crystals about half a century ago and has found 
a broad range of applications in NMR diffusometry with compartmented systems. However, 
the two-region model in those applications has only served as a first-order approximation due 
to a perceived shortcoming: its precondition that the diffusion path lengths in both regions are 
unlimited is, strictly speaking, violated in such systems. In the case of the beds of zeolite 
crystals, for example, the path length of the intracrystalline diffusion is certainly limited by the 
size of the crystals.  
With the advent of hierarchically porous materials, however, the two-region model 
entered a new phase. These complex materials with pore hierarchies exhibits, in general, 
mutually interpenetrating pore spaces, for example, a microporous bulk phase penetrated by a 
network of transport pores. Therefore, the precondition of the two-region model is fully 
satisfied and its shortcoming no longer exists. Furthermore, since there is no “standard model” 
yet for quantification of mass transfer in the hierarchically porous materials due to their 
structural complexity, the revival of the two-region model in this new application may be 
widely welcome.   
In Publication 5.2, the analytical solution of the two-region model for one-dimensional 
diffusion problem, in the form of concentration rather than PFG NMR signal attenuation, was 
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achieved – the mathematical description of the two-region model and its solution is given in 
Appendix A. Then, this was successfully applied to predict the evolution of the concentration 
profiles, which is exactly the type of information accessible via IR microimaging. By 
demonstrating that the two-region model can be possibly used to analyse the PFG NMR 
attenuation curves as well as the concentration profiles from IR microimaging, Publication 5.2 
shows that the two microscopic techniques may synergise with each other in the studies of the 
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Abstract
Measurement of molecular diffusion in nanoporous host materials, which are typically inhomogeneous and anisotropic, often 
involves an intricate web of factors and relations to be taken into account since the associated diffusivities are a function of 
the diffusion path of the guest molecules during a given observation time. Depending on the observation time, therefore, 
the result of the experimental measurement can point to completely different conclusions about the underlying diffusion 
phenomena. The risk of misinterpretation of the experimental data, by correlating them with irrelevant phenomena, may be 
reduced if there is an option to compare the data with the results of totally independent measurements. The present com-
munication addresses this issue with reference to the particular potentials of pulsed field gradient NMR and microimaging 
by infrared microscopy as techniques of microscopic diffusion measurement.
Keywords Molecular diffusion · Nanoporous material · PFG NMR · Tracer desorption · Infrared microscopy · 
Microimaging
1 Introduction
Diffusion, i.e. random movement of the elementary constit-
uents of matter, is an omnipresent phenomenon in nature 
and in the very heart of many processes. This includes, in 
particular, matter upgrading by molecular separation and 
catalytic conversion in nanoporous solids. The gain in 
value-added products can, obviously, never be faster than 
the rate of transportation of the involved elements. Meas-
urement of molecular diffusion in nanoporous materials is 
therefore an important task with reference to both funda-
mental research and technological application. Different 
from bulk materials as solids, liquids and gases (Jost 1960; 
Kizilyalli et al. 1999) where diffusion is exclusively a func-
tion of the diffusants, i.e. of the atoms or molecules and 
their “arrangement”, the diffusion in nanoporous material 
depends on both the host and the “guests”. Since nanoporous 
host materials are not available, as a rule, as homogeneous, 
quasi-infinitely extended entities, the measurement of guest 
diffusion is often additionally complicated by the fact that 
the associated diffusivities may become a function of the 
displacements over which, in a given experimental setup, 
the diffusion paths of the molecules are recorded. Further 
difficulties arose with the advent of hierarchically organized 
materials (Groen et al. 2007; Mehlhorn et al. 2012; Möller 
and Bein 2013; García-Martínez and Li 2015; Valtchev and 
Mintova 2016; Galarneau et al. 2016; Hartmann et al. 2016; 
Chen and Snurr 2020), necessitating the development of 
multiscale approaches for transport simulation combining 
interfacial phenomena, like adsorption and partitioning, with 
mass transfer (Tallarek et al. 2019).
It has therefore become common practice (Kärger et al. 
2012; Kärger and Ruthven 2016) to distinguish between 
microscopic and macroscopic techniques of diffusion meas-
urement. In macroscopic measurements, diffusion path 
lengths exceed the size of the individual nanoporous par-
ticles/crystallites, but one strives to assure that the overall 
behavior is still controlled by intracrystalline/intraparticle 
diffusion—or that, at least, overall mass transfer allows its 
determination (Ruthven and Brandani 1997; Ruthven et al. 
2008). In microscopic diffusion measurement, the diffusion 
path lengths considered in the experiments are shorter than 
or of the order of the crystal/particle extensions.
The development of both types of measurements along 
with meaningful comparisons has been substantially 
 * Jörg Kärger 
 kaerger@physik.uni-leipzig.de




beneficial (Brandani and Ruthven 2000; Kärger 2003). Com-
parative studies gave, inter alia, rise to the detection of a 
series of side effects like lattice degradation (Ruthven 2012) 
and formation of additional transport resistances either in 
the intracrystalline space (Vasenkov and Kärger 2002; Feld-
hoff et al. 2009; Guo et al. 2019) or on the external surface 
(Heinke et al. 2007; Kärger 2014b; Remi et al. 2015; Rao 
et al. 2017). If they are not properly taken into account, the 
measurements can give rise to completely wrong conclu-
sions about the underlying diffusion phenomena. Their 
detection has remained a challenging task until today, nota-
bly on considering heterogeneous systems like mixed matrix 
membranes (Mueller et al. 2015; Friebe et al. 2017; Dutta 
and Bhatia 2018; Hwang et al. 2018; Forman et al. 2019).
Experimental measurement is, as a rule, subject to at 
least two sources of uncertainty. One is related to the fact 
that there is always a limit in the attainable accuracy. Such 
uncertainties are typically marginal – only a few percent. 
The other, much more serious source of errors is related to 
the possibility that the quantity accessible by experimen-
tal measurement does not match the quantity one is finally 
interested in. In such cases it may happen that, irrespec-
tive of primary measurement data of highest accuracy, the 
quantities of interest, determined from these data, are com-
pletely wrong. This occurs if data analysis is based on wrong 
suppositions.
As a “classical” example, one may refer, in this context, 
to diffusion measurement in nanoporous materials by record-
ing of molecular uptake and release. If, due to the existence 
of substantial transport resistances in the external particle/
crystal surface, uptake and release are controlled by the 
permeation through this “surface barrier” rather than by 
intracrystalline/intraparticle diffusion, then the data analy-
sis based on diffusion limitation give rise to “diffusivities”, 
which have nothing to do with the genuine intracrystalline/
intraparticle diffusivities. They could be possibly used to 
estimate a lower limit of this value, by correlating the time 
constants of the two limiting cases (Kärger and Ruthven 
2016). A distinction between the two limiting cases based on 
the differences in their time dependencies may get increas-
ingly complicated due to variation in surface permeabilities 
within a single batch of particles/crystals (Remi et al. 2015). 
There are, however, good prospects to achieve such a distinc-
tion in “partial loading” experiments (Brandani et al. 1995; 
Gunadi and Brandani 2006; Chmelik et al. 2009) by con-
sidering sequences of uptake and release with separations 
smaller than the uptake and release times. While, in such 
experiments, relative uptake and release is found to be accel-
erated under diffusion limitation, this effect is progressively 
reduced with increasing influence of surface resistances.
The risk of misinterpretation of the primary data of exper-
imental measurements by associating them with phenomena 
to which they are not related—for example, the (unjustified) 
correlation of molecular uptake and release with intracrys-
talline diffusion, in the case of barrier limitation—may be 
reduced if there is an option to compare the data with the 
results of a totally independent measurement. In this context, 
we are going to consider the possibility of correlating the 
message of microscopic diffusion measurement with the evi-
dence provided by other, independent measuring techniques. 
We are, in particular, asking up to which extent it is possi-
ble to predict certain features of these measurements on the 
basis of well-established (“first-principles”) knowledge of 
the systems under study. We shall refer to measurements by 
both pulsed field gradient (PFG) NMR (Sect. 2) and Micro-
imaging (Sect. 3).
2  Pulsed field gradient NMR
2.1  Measuring principle
Diffusion measurement by pulsed field gradient (PFG) NMR 
(Slichter 1980; Kimmich 1997; Stallmach and Kärger 1999; 
Price 2009; Valiullin 2016) may be rationalized on the basis 
of the quasi-classical conception of NMR, implying that the 
nuclear spins under consideration (in general protons, the 
nuclei of hydrogen) combine the properties of both a rotat-
ing gyroscope and a magnetic dipole. The individual spins 
rotate, therefore, within a magnetic field around its direction 
at an angular frequency, proportional to the intensity of the 
magnetic field. This rotating magnetization induces a voltage 
in the NMR sample coil, which is recorded as the NMR sig-
nal. PFG NMR is based on the application of two “field gra-
dient pulses”, i.e. two small intervals of time during which 
the constant magnetic field is superimposed by two highly 
inhomogeneous fields. They are arranged in such a way that 
the second pulse compensates the defocusation generated 
by the first one. This, however, is only completely fulfilled 
if each individual spin has “seen”, at the instants of the two 
field gradient pulses, the same magnetic field. Any shift of a 
molecule (and, hence, of a nuclear spin within this molecule) 
in gradient direction during the time interval between the 
two field gradient pulses, however, gives rise to incomplete 
refocusation. This spin does, therefore, contribute with only 
the cosine of its phase difference to the direction of overall 
nuclear magnetization to the NMR signal. From this consid-
eration one may immediately note for the attenuation of the 
signal due to diffusion in PFG NMR experiments
where m is a measure of the intensity of the field gradient 
pulses. Their mutual separation t appears as the observa-
tion time in PFG NMR diffusion studies. For simplicity it is 






implied to be much larger than the duration (the “width”) of 
the field gradient pulses. S(0, t) is the intensity of the signal 
without field gradients applied. P(z, t) is referred to as the 
mean propagator (Kärger and Heink 1983; Callaghan et al. 
1991) and denotes the probability (density) that, during the 
time t, an arbitrarily selected molecule (contributing to the 
NMR signal) is shifted over a distance z in the direction of 
the applied field gradient. Under the conditions of normal 
diffusion (and in a homogeneous system of infinite exten-
sion), the mean propagator is a simple Gaussian
The parameter D appearing in Eq. (2) is the self-diffu-
sivity which can be equivalently defined (see, e.g., Chap-
ter 2 in (Kärger et al. 2012) or pp. 9–26 in (Kärger 2014a)) 
either by Fick’s 1st law
as the factor of proportionality between the flux of labelled 
molecules and their concentration gradient within an unla-
beled surroundings of constant overall concentration or by 
the Einstein relation
correlating the observation time with the mean square dis-
placement in a given direction. Inserting Eq. (2) into Eq. (1) 
yields.








With the second equality we have made use of Eq. (4).
Equation (5) serves as a good approach of the PFG NMR 
signal attenuation even under conditions where the mean 
propagator is not accurately given anymore by Eq. (2), with 
diffusion under confinement (see, e.g., (Kärger et al. 1988, 
Valiullin and Kärger 2016)) as a prominent example. In such 
cases, the diffusivity D appearing in Eq. (4) has to be under-
stood as an “effective” diffusivity
becoming, possibly, a function of the diffusion time, i.e. the 
separation between the two field gradient pulses. Under the 
conditions of normal diffusion, Deff is seen to coincide with 
the genuine self-diffusivity.
2.2  Using the effective diffusivity of PFG NMR 
as an internal standard
Figure 1 shows, as an example, the Arrhenius plot of the 
effective diffusivity (ordinate scale on the left-hand side) 
of water in a bed of crystals of zeolite MFI, following the 
classical investigations of (Caro et al. 1986). As well given 
are the root mean square displacements of the guest mol-
ecules (ordinate scale on the right-hand side) as resulting 
from the effective diffusivities via Eq. (6) with the relevant 


















Fig. 1  Temperature dependence of the PFG NMR self-diffusivities 
(Deff) and mean square displacements for water in zeolite MFI: small 
(open circle, filled circle ∼ 7 × 4 × 3 μm3) and large (open square, 
filled square ∼ 16 × 12 × 8  μm3) crystals in a loose bed (open sym-
bols) and with the intercrystalline space blocked (filled symbols) for 
an observation time t = 1.2  ms. Reprinted from (Caro et  al. 1986), 
Copyright (1986), with permission from Elsevier
 Adsorption
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performed with two different crystal sizes, small ones (cir-
cles) and large ones (squares). The crystals have, moreover, 
been applied as loose beds (open symbols) and with the 
intercrystalline space blocked (filled symbols). The plots are 
accompanied by cartoon-like representations of the different 
“micro-dynamic” situations under which the measurements 
were performed. We may distinguish between three differ-
ent special cases (for further details, see, e.g., Sect. 11.4 of 
(Kärger et al. 2012)), namely,
 (i) Genuine intracrystalline diffusion (cartoon on the 
right), where the crystal sizes notably exceed the 
diffusion path lengths during the observation time. 
Observation is thus performed as within crystals of 
infinite extension.
 (ii) Long-range diffusion (cartoon top left), where the 
diffusion paths are found to repeatedly cross the 
intercrystalline space. Under such conditions, the 
effective diffusivity can approach pinterDinter, the 
product of the relative amount of molecules in the 
intercrystalline space and their diffusivity. Dinter 
significantly exceeds the intracrystalline diffusivity 
Dintra. Therefore, irrespective of pinter « 1, pinterDinter 
may notably exceeded Dintra and even the diffusivity 
in the bulk liquid under certain conditions (Kärger 
et al. 1973; D’Orazio et al. 1989).
 (iii) Restricted diffusion (cartoon bottom left), where the 
guest molecules remain confined to the interior of the 
individual crystals.
It is, in particular, the latter case of restricted diffusion, 
which provides us with an independent check of the valid-
ity of the PFG NMR diffusivities. For instance, the limiting 
value of restricted diffusion for spherically shaped particles 
of radius R is given by the relation
which, as a rule, serves as a sufficiently good order-of-
magnitude test of correctness. Variations in shape appear in 
slight adjustments to the numerical factor 1/5 (see Sect. 11.4 
in (Kärger et al. 2012)).
Equation (7) holds for the limiting case where the diffu-
sion time t is long enough, so that the diffusion path lengths 
in an infinitely large extended crystal (of the same genuine 
intracrystalline diffusivity as the crystal under study) would 
be much larger than the size R of the particle under study. 
The guest molecules do thus undergo multifold reflections 
on the external crystal surface, directing them back into the 
crystal interior.
As another limiting case, where it is as well possible to 
attain an analytical expression for the time dependence of the 




consider the situation with observation times t being short 
enough, so that the mean diffusion path length as resulting 
with Eq. (4) remains sufficiently small in comparison with 
the crystal radius. Under such conditions, the effective diffu-
sivity may be given by the relation (Mitra et al. 1992; Mitra 
and Sen 1992; Geier et al. 2004)
with D0 denoting the genuine intracrystalline diffusivity.
Based on a measurement of the time dependence of the 
effective PFG NMR diffusivity, Eq. (8) allows the determi-
nation of both the genuine intracrystalline diffusivity and the 
crystal size. Since the latter quantity is as well accessible by 
microscopic measurement, this limiting case allows a com-
parison of the outcome of the diffusion measurement with 
“first-principle” data, namely once again with the crystal 
sizes.
Figure 2 provides an example of such measurements 
(Beckert et al. 2013), revealing even two different ranges 
of observation times reflecting the 
√
t dependence as pre-
dicted by Eq. (8). By inspecting the particle morphology 
(see Fig. 2c), one may easily recognize that the individual 
host particles represent an agglomerate of smaller crystal-
lites so that, obviously, guest propagation is retarded by two 
different types of resistances: one is at the mutual interfaces 
between the individual micro-crystallites (of radius Rmicro) 
and the other is at the surface of the particles (of radius 
Rparticle). The measurements have been performed with 
both the water molecules (using, as usual, proton NMR) 
and with the lithium cations (using 7Li NMR, at elevated 
temperature). The radii estimated from the experimentally 
determined time dependence of the effective diffusivities 
via Eq. (8) (see the data given in Fig. 2a, b) for water and 
the lithium cations were found to be of a similar order of 
magnitude, in the vicinity of what one should expect on also 
the basis of the micrographs. It is difficult to decide whether 
differences in the numerical results are indications of genu-
ine differences between the two diffusants or just simple 
consequences of the uncertainty in measurement.
2.3  Correlating PFG NMR “Tracer” desorption 
with intracrystalline diffusion
PFG NMR diffusion measurements are commonly per-
formed with fused sample tubes. Temperature enhancement 
is therefore accompanied by an increase in the gas phase 
concentration and, hence, in the magnitude of pinter. Thus, 
by choosing a sufficiently high temperature, it is possible 
to attain effective (i.e. long-range) diffusivities significantly 
exceeding the intracrystalline diffusivities. Under such con-













directly yields the relative amount of molecules which, dur-
ing the chosen observation time, have traveled to another 
crystal within the bed of crystals under study. PFG NMR 
thus yields the same information as a conventional tracer 
experiment, by which one is able to follow the exchange 
between the (labeled) molecules within a particular crystal 
and the (unlabeled) ones in the “surroundings”, i.e. in the 
other crystals and the intercrystalline space. Exchange times 
accessible in this way are in the range of the PFG NMR 
observation times which are, depending on the given nuclear 
magnetic relaxation times, typically between milliseconds 
and seconds. These are, from the perspective of conventional 
tracer exchange measurements (Goddard and Ruthven 1986, 
Dyer and Faghihian 1998), extremely short time spans so 
that this technique is as well referred to as “fast tracer des-
orption” (Kärger 1982, Ruthven 1984).
A useful measure of the rate of molecular exchange 
between the intracrystalline space and the surroundings 









Fig. 2  Time dependence of the effective diffusivities of water mole-
cules at 25 °C (a) and of the lithium cations at 100 °C (b) in hydrated 
low-silica zeolite X (Li-LSX) (Schneider et  al. 2009) as determined 
by, respectively, 1H and 7Li PFG NMR. Diffusion occurs under con-
finement within both the adsorbent particles and the crystallites they 
consist of (c and d). The best fit of Eq. (8) to the obtained data yields 
the respective diffusivities and the radii of confinement, as indicated 
in (a) and (b). Reprinted with permission from (Beckert et al. 2013). 
Copyright (2013) American Chemical Society
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with F(t) denoting the fraction of molecules having left, dur-
ing time t, the crystal in which they were initially accommo-
dated. When exchange is exclusively controlled by intracrys-
talline diffusion, for spherical particles of radius R it holds
Equation (10) serves, moreover, as a good approach even 
for particles of any non-spherical shapes if, in Eq. (10)
is understood as the radius of the equivalent sphere with 
the same surface-to-volume ratio (A∕V) as the non-spherical 
particle under consideration.
With the definition given by Eq. (9) the determination of 
the first statistical moment is seen to require measurement 
of signal intensities over time scales notably exceeding the 
intracrystalline mean life time (or, totally equivalently, the 
PFG NMR tracer exchange or tracer desorption time). Limi-
tations in measurement accuracy often exclude this possibil-
ity. In such cases, as a first-order estimate, intracrystalline 
mean life times may be determined by approaching the tracer 
exchange curve F(t) by the expression 1 − exp(−t∕) , where 
with Eq. (9) the time constant  is immediately seen to be the 
first statistical moment. In a semi-logarithmic presentation 
versus time, 1 − F(t) becomes a straight line with its slope 
indicating the first statistical moment.
Via Eqs. (9)–(11), PFG NMR tracer desorption experi-
ment thus provides us with an access to intracrystalline dif-
fusivities, which is totally independent of their more “direct” 
measurement via PFG NMR measurements with diffusion 
(10)M1 = R2∕(15Dintra)
(11)R ≡ 3V∕A
path lengths much less than the particle diameters. PFG 
NMR tracer desorption measurements may, therefore, serve 
as an independent check of the validity of the message of 
“conventional” PFG NMR. Figure 3 illustrates the poten-
tials and limitations of this technique with the PFG NMR 
tracer desorption curves of isobutane in various types of 
zeolite MFI, including two specimens of purely microporous 
zeolites of different crystal sizes and a mesoporous sample 
(Mitchell et al. 2012; Machoke et al. 2015; Schwieger et al. 
2016) accommodating, within the microporous bulk phase, 
a network of mesopores (S. Hwang, M. Avramova, T. Weis-
senberger et al., in preparation).
The measurement results are seen to follow the trends 
as predicted by Eq. (10) for the interrelation between the 
intracrystalline mean life times (= time constants of molecu-
lar exchange M1), the crystal sizes and the intracrystalline 
diffusivities. On comparing the intracrystalline mean life 
times, the incorporation of a network of transport pores 
within the microporous bulk phase is indeed found to lead 
to a dramatic acceleration of the intracrystalline diffusivities, 
giving rise to a corresponding enhancement in molecular 
exchange rates. Comparison of the intracrystalline mean life 
times in the purely microporous samples does as well reflect 
the behavior as expected with Eq. (10), where the intracrys-
talline mean life time is predicted to increase with the square 
of the crystal size.
This conclusion implies coincidence of the intracrystal-
line diffusivities in the two samples. Zeolites of type MFI, 
however, are known to appear in various topological modi-
fications (Karwacki et al. 2009; Vasenkov and Kärger 2002) 
with, correspondingly, differing intracrystalline diffusivity. 




Purely microporous silicalite-1; 
Crystal size 1 µm; 
M1=173 ms
 Purely microporous silicalite-1; 
Crystal size 0.7 µm; 
M1=101 ms
 Mesoporous silicalite-1; 








t  / ms
Fig. 3  PFG NMR Tracer-Desorption curves (i.e. representation of 
the relative amount 1 − F(t) of guest molecules which, after time t, 
have not yet left the crystals in which they were initially accommo-
dated) for isobutane at room temperature, determined for three dif-
ferent types of zeolite MFI, namely purely microporous silicalite-1 
crystals with a mean diameter of about 1 μm (filled squares) and 0.7 
μm (filled circles) and mesoporous silicalite-1 crystals with a diam-
eter of about 1 μm (open squares). The straight lines are approaches 
of the decay to the function exp(−t∕) . They have been used for a 
first-order estimate of the molecular exchange time (i.e. the first sta-




Therefore, coincidence in the diffusivity of different sam-
ples cannot be expected to be necessarily true and should be 
confirmed in separate PFG NMR investigations. Such meas-
urements, however, had not been possible with the samples 
under study, notably as a consequence of their rather limited 
size. In previous PFG NMR studies, intracrystalline diffu-
sivities of isobutane in zeolite MFI were found to be of the 
order of  10–12  m2s−1. By inserting this value into Eq. (10), 
intracrystalline mean life times in the purely microporous 
samples are estimated to be of the order of tens of millisec-
onds and, hence, by about one order of magnitude smaller. 
It has remained the topic of ongoing work (S. Hwang, M. 
Avramova, T. Weissenberger et al., in preparation) to decide 
whether this difference is attributed to, e.g., the existence 
of surface barriers as one of the most likely explanations of 
the difference.
3  Microimaging
3.1  Unambiguous diffusion measurement 
by monitoring the evolution of concentration 
profiles
Transport diffusivities DT are defined via Fick’s 1st law
as the factor of proportionality between molecular fluxes and 
the underlying gradients in molecular concentration (Price 
2009; Kärger et al. 2012; Kärger and Ruthven 2016). With 
the notation of Eq. (12) the transport diffusivity DT(c) is 
explicitly indicated to be a function of the given concentra-
tion c. This is different from the situation considered with 
the notation of Fick’s 1st law in Eq. (3) for the definition of 
the self-diffusivity D which is clearly independent of how 
many molecules (among the constant, total amount of mol-
ecules) are labelled, i.e. of c∗ . Combining Eq. (12) with the 
continuity equation,
yields Fick’s 2nd law:
For measurement over sufficiently small concentration 
intervals so that DT(c) over the interval may be considered 
to remain constant, Eq. (14) can be written as the simpler, 















This form of Fick’s 2nd law, with c = c∗ and with the self-
diffusivity D replacing the transport diffusivity DT , holds 
especially in the case of self-diffusion/tracer exchange where 
the diffusivity is constant throughout the crystals/particles 
and only depends on the overall concentration (of labelled 
plus unlabeled molecules) rather than on the concentration 
c∗ of the labelled species.
Following Eqs. (12)–(15), direct measurement of the 
distribution of guest concentrations in the interior of the 
crystals/particles under study and of their variation with 
time provides the most direct access to the underlying dif-
fusivities. Among the manifold techniques allowing such 
monitoring, imaging by nuclear magnetic resonance has, 
most likely, attained largest popularity (Gladden et al. 
2008; Kahn and Busse 2012; Willis et al. 2018), notably 
due to its unprecedented potentials for application in medi-
cal diagnosis. Since the very first applications of “nuclear 
magnetic imaging” (at this time still under the name 
“zeugmatography” as coined by its inventor, Paul Lauter-
bur (P.C. Lauterbur 1973)) there have been intense efforts 
of monitoring molecular concentrations in beds of zeo-
lite crystallites (Heink et al. 1978), see also Sect. 12.1.5 
in (Kärger et al. 2012). Spatial and temporal resolution, 
however, did not suffice to monitor the evolution of intrac-
rystalline concentration profiles. This has remained to be 
essentially true till even today, irrespective of dramatic 
progress in MR imaging over the last few decades (Stapf 
and Han 2006; Lysova and Koptyug 2010).
The decisive breakthrough came with the advent of 
interference microscopy (IFM) and infrared microscopy 
(IRM) as the techniques of choice for monitoring the 
evolution of the distribution of guest molecules within 
nanoporous crystals/particles (Heinke et al. 2007, Kärger 
et al. 2014), Sect. 12.2 in (Kärger et al. 2012). Both tech-
niques provide direct access to the concentration integral 
in observation direction, with a spatial resolution below 
micrometers (IFM) and of a couple of micrometers (IRM) 
on the observation plane. Temporal resolutions so far 
attained are of the order of seconds (IFM) and tens of 
seconds (IRM). IFM measurements are based on the fact 
that the refractive index of the nanoporous solid under 
study is a (monotonic) function of the guest concentration 
and that (concentration-induced) changes in the refractive 
index appear (and may hence be quantified) in the interfer-
ence pattern with a reference beam. In IRM, information 
about the concentration of a certain molecular species is 
attained by recording the intensity of its characteristic 
absorption band in the IR beam transmitted through the 
crystal/particle under study. IRM does therefore allow the 







distinguishing them, which makes this technique particu-
larly useful for diffusion studies during catalytic conver-
sion (Titze et al. 2015a; Chmelik et al. 2018).
Figure 4 provides an example of the agreement between 
the measurement of transient concentration profiles 
obtained via microimaging by IRM and the predictions 
by Fick’s 2nd law. Such measurements are seen to serve, 
simultaneously, as an independent confirmation of the 
validity of Fick’s 2nd law for the host–guest system under 
consideration.
3.2  Correlating diffusion measurement 
with adsorption thermodynamics
The exploration of correlations between molecular diffusion 
and adsorption continues to be a hot topic in sorption sci-
ences (Krishna et al. 1999; Keil et al. 2000; Krishna and 
van Baten 2013). Interest in such correlations is largely 
generated by the fact that the parameters describing adsorp-
tion equilibria are, as a rule, attainable with much larger 
accuracy and reliability than non-equilibrium parameters 
like the various diffusivities. Given the fundamental differ-
ence between equilibrium and non-equilibrium phenomena 
(Prigogine 1997), there is no direct path along which equi-
librium data might be transferred into non-equilibrium ones 
like diffusivities. With the Transition State Theory (TST) 
(Gladstone et al. 1941), however, we dispose of a formalism 
by which, under certain conditions, some features of non-
equilibrium thermodynamics may become indeed predict-
able on the basis of the information exclusively collected 
by equilibrium measurement (Ruthven and Derrah 1972; 
Kärger et al. 1980). Coincidence of the messages provided 
by two totally independent techniques would thus serve as 
a strong argument confirming the reliability of the results 
revealed by either of them.
As a prerequisite of the application of TST to diffusion 
in nanoporous materials, molecular propagation must be 
controlled by molecular passages through the “windows” 
connecting adjacent cavities. These passages or “jumps” 
are considered as infrequent events (see, e.g., Chapter 9 
in (Kärger et al. 2012)) so that, at a given instant of time, 
molecular passages occur only in quite a small number of 
windows, definitely not several ones in one and the same 
window and scarcely in adjacent ones. During the window 
passage, the molecules are moreover implied to be isolated 
from the remaining ones. With the equilibrium conditions 
for dynamic exchange between the molecules in the cavi-
ties (“ground state”) and those in the windows (“activated 
state”), molecular mean lifetime within a cavity may be 
noted to obey the following relation (Chmelik and Kärger 
2016)
where, according to the conception of TST, the mean life-
time in the activated state is implied to be independent of 
concentration. Since occupation of the windows is a rare 
event, their population may be assumed to be proportional 







Fig. 4  a Evolution of the transient concentration of cyclohexane in a 
nanoporous glass during molecular uptake induced by a pressure step 
from 0 to 0.1 mbar in the surrounding atmosphere, recorded by IRM 
(circles) at 298 K and comparison with the predictions (solid lines) as 
resulting from the solution of Fick’s 2nd law, Eq. (14), with the rel-
evant initial and boundary conditions. b Concentration dependence of 
the transport diffusivity as implied for the prediction of the concentra-
tion profiles shown in (a). Reproduced from (Titze et al. 2015b), with 
permission from John Wiley and Sons
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For diffusion by jumps, following the dependences as 
appearing in already the Einstein relation, Eq. 4, it holds
with l denoting the (effective) mean jump length which, in 
the present case, is given by the separation between adjacent 
cavities. Combination of Eqs. (16) and (17) yields
For propagation by jumps the correlation between self- 
and transport diffusion (see, e.g., Sect. 2.5 of (Kärger et al. 
2012) and (Lauerer et al. 2015a, b) for also two-component 
diffusion) is given by the relation
which, in combination with Eq. (18), yields
For sufficiently small concentrations where any inter-
action between the guest molecules can be neglected, the 
transport and self-diffusivities coincide, which may easily 
be rationalized by the fact that it is the interaction which 
makes the difference between equilibrium and non-equi-
librium conditions (Prigogine 1997). Equations (18) and 
(20) can thus be rewritten as
and
with the self-diffusivity at vanishing concentration (coincid-
ing with the transport diffusivity) as the common factor of 
proportionality. k stands for the Henry coefficient: 










We note, on passing, that combination of eqs. (21) and 
(22) yields the relation
with dlnp
dlnc
 referred to as the thermodynamic (correction) fac-
tor. The identical relation (with D replaced by D0) is known 
as the defining equation for the “corrected” or “Stefan-Max-
well” diffusivity. It has been introduced as a quantity where 
the influence of thermodynamics as appearing in the factor 
dlnp
dlnc














(21)D = D(c = 0) × k
p(c)
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of (Ruthven 2008; Krishna 2009, 2014; Kärger et al. 2012; 
Kärger and Ruthven 2016). With Eq. (23) it appears that, 
under the conditions of “narrow-pore” diffusion, corrected 
diffusivities and self-diffusivities coincide. In more open 
pore structures, the corrected diffusivities are known to 
exceed the self-diffusivities.
Figure 5 provides an example where the application of 
TST to an a priori prediction of the concentration depend-
ence of guest diffusion in nanoporous materials yielded an 
astonishingly good agreement with the outcome of preced-
ing experimental measurement by IRM (Chmelik 2015). 
IRM is applicable with, essentially, identical experimental 
configuration to both uptake and tracer exchange meas-
urements, allowing the simultaneous determination of 
transport and self-diffusivities. Agreement between the 
experimental data and the theoretical predictions con-
firms the validity of the introduced formalism. It resem-
bles, in a sense, the hierarchical simulation approach of 
ref. (Tallarek, et al. 2019) successfully correlating interfa-
cial (thermo-) dynamics with structure-related molecular 
kinetics. Up to which extent the proposed reasoning is 
applicable to further systems is primarily a question of the 
availability of the necessary data sets. Owing to an impres-
sive increase in the number of nanoporous host systems, 
investigations along these lines should be also a promising 
undertaking in the near future.
4  Conclusions
Molecular diffusion is a key phenomenon determining the 
rate of mass transfer into and out of nanoporous materi-
als. It thus significantly affects the performance of many 
technological processes grounded on the application of such 
materials. The fact that diffusion coefficients are only one 
parameter in a large ensemble of different influences makes 
their measurement a particularly challenging task and it is 
often unclear whether diffusion data provided in the litera-
ture do, in fact, refer to those processes to which they are 
claimed to refer.
As a consequence, the availability of a tool box offer-
ing different techniques of measurement is clearly more 
than welcome. Such a tool box is in fact available by a 
suitable combination of various techniques of diffusion 
measurements and there are several examples where differ-
ent measurement techniques, including both the so-called 
“microscopic” and “macroscopic” ones, yield satisfactory 
agreement (Jobic et al. 2005; Kärger et al. 2009; Chmelik 
et al. 2011). In the present communication, we were looking 
for an alternative pathway to confirm the attained diffusivity 
data by comparing with the information provided by other 
measuring techniques beyond the field of diffusion.
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Although such an approach can probably lead to impor-
tant new findings for, essentially, any experimental tech-
niques, it seems to be particularly effective for the “micro-
scopic” methods. In this context, we could notably refer to 
the potentials of PFG NMR. Depending on the given exper-
imental situation, PFG NMR is able to trace diffusivities 
together with characteristic spatial extensions of the samples 
as crystal diameters. The latter ones provide an excellent 
object for independent measurement and, hence, for inde-
pendent confirmation of the diffusivity data.
Being sensitive to concentrations and their variation in 
space and time, microimaging by IRM and IFM keeps its 
focus squarely on these phenomena, which via Fick’s rela-
tions give rise to the diffusivities. In addition to a remarkable 
enhancement in data quality and reliability, microimaging 
has also given rise to a dramatic enhancement in the data 
Fig. 5  Results of the experimental measurement of transport diffusiv-
ities (DT, squares), corrected transport diffusivities (D0, filled circles) 
and self-diffusivities (D, open circles) of various guest molecules 
(a ethene, b ethane, c propene, d propane, e methanol; f ethanol) in 
MOF ZIF-8 single crystals by IRM in combination with measure-
ment of the adsorption isotherms and comparison with the concentra-
tion dependences predicted via TST by Eqs. (21) and (22) (full lines). 




output, including information about both transport diffu-
sion (via uptake and release) and self-diffusion (via tracer 
exchange). With such data, obtained with short hydrocar-
bons in MOF ZIF-8 as a standard “narrow-pore” metal 
organic framework, the classical transition state theory 
(TST) was found to predict the concentration dependence 
with astonishing accuracy, providing us with independent 
experimental evidence for the validity of the diffusivity data 
obtained by IRM.
With these examples, however, it becomes also obvious 
that such comparative studies are far from straightforward 
and only applicable under, so far, limited conditions. These 
include, in particular, the availability of host material of suit-
able size, i.e. sufficiently large crystals/particles (of typically 
10 μm or more) for PFG NMR and well-shaped particles of 
at least such size (ideally as thin plates with sealed top and 
bottom surfaces) for microimaging. Given the relevance of 
diffusion as a key parameter in numerous matter upgrading 
technologies and as one of the most fundamental phenomena 
in nature, continued efforts in qualifying the potentials of 
diffusion measurements, including their unambiguous vali-
dation, are highly wanted.
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and conversion. Their application is based 
on the intimate contact of the guest mole-
cules with the internal surface of these 
materials. It is, however, the interaction 
which, notably in narrow (micro-)pores 
with dramatically reduced guest mobili-
ties, poses a limit on the performance of 
such processes since the gain in value-
added products can never be faster than 
allowed by the exchange rate between 
the intraparticle pore space and the sur-
roundings.[1] This conflict, inherent to the 
application of nanoporous materials quite 
in general, has been mitigated with the 
advent of hierarchically structured porous 
material. Such materials are distinguished 
by the existence of a network of meso- 
or macropores (quite generally referred 
to as transport pores), permeating the 
microporous bulk phase. While the space 
of micropores enables guest separation 
and/or transformation as the aspired pro-
cess of matter upgrading, transport pores 
ensure sufficiently fast mass transfer 
between the origin of matter upgrading 
and the surroundings.
Quantification of mass transfer in nanoporous materials 
has proven to be a demanding task.[2] This is an immediate 
consequence of the fact that the real structure of nanoporous 
materials may significantly deviate from their “simple” textbook 
structure, including the existence of additional transport resist-
ances on either the external surface of the individual particles/
crystals[3] or the internal barriers.[4] The situation is addition-
ally aggravated by the fact that nanoporous materials tend to 
be unstable. Their textural properties and, hence, the intrinsic 
guest mobilities in one and the same nanoporous material 
must therefore be expected to vary with the mode of sample 
synthesis, storage, and preparation before measurement. As a 
consequence of this instability, different crystals within one and 
the same sample must be implied to, possibly, greatly differ 
in their transport properties. In diffusion measurements with 
individual crystals via microimaging[5] such broad distributions, 
notably in the surface resistances, were indeed recorded and 
shown to lead to additional complications in assessing the rel-
evant mechanisms of mass transfer control.[3a]
Investigations of guest diffusion in hierarchically porous mate-
rials are still in the stage of their very beginning.[6] Given their tex-
tural complexity, variability in the real structure of hierarchically 
porous materials is expected to even exceed that observed with 
the purely microporous ones. One must therefore expect to be 
Mass transfer in hierarchically porous materials is a function of various 
parameters, notably including the diffusivities in the various pore spaces, 
their relative populations and the exchange rates. Their interplay is shown 
to be quantified in the two-region model of diffusion which in magnetic 
resonance imaging is in common use under the name Kärger equations. After 
manifold applications in NMR diffusometry with compartmented systems, 
the underlying formalism is now demonstrated to offer an excellent tool for 
assessing mass transfer in hierarchically porous materials. The potentials 
include a comprehensive description of mass transfer, in parallel with the 
specification of the various limiting cases and their reflection by experimental 
measurement. Information provided by application of microscopic techniques 
of measurement such as microimaging and pulsed field gradient NMR 
is shown to notably exceed the message of, e.g., macroscopic uptake 
measurement of diffusion in hierarchically porous media. This includes, 
in particular, experimental insight into the dominating mechanisms of 
mass transfer, which is crucial for the development of optimal strategies 
of performance enhancement for the technological exploitation of such 
materials. Depending on the microstructural and microdynamic situation, 
elucidated in such studies, very different and even mutually opposing 
strategies for performance enhancement are shown to result.
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1. Introduction
Nanoporous solids are in the very heart of numerous processes 
of matter upgrading, including mass purification, separation, 
© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.
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confronted with similar problems. In this context it is important 
to mention that, for purely microporous materials, there exists a 
clear understanding of the underlying diffusion equations and 
their solutions, provided in, e.g., the comprehensive textbooks 
by Crank[7] and Carslaw and Jaeger[8] and many subsequent ones 
based on, essentially, the formalism there presented.[1b,9] These 
solutions are largely employed as a standard for analyzing the dif-
fusion data obtained with, possibly, more complicated systems.
To the best of our knowledge, such a standard does not yet 
exist for diffusion studies with hierarchically porous materials. 
As a consequence, measurements are often related to those 
with the purely microporous counterpart. This makes clearly 
sense with reference to an evaluation of the benefits of the 
interpenetrating transport pores for transport enhancement, 
but says little about the underlying mechanisms.
The problem with the quantification of mass transfer in hier-
archical materials is a result of the complexity of the system 
which, as a rule, requires the introduction of a whole set of 
parameters. They do, notably, include the molecular diffusivities 
in the pore spaces involved, the respective populations of the 
guest molecules and their exchange rate. In the present com-
munication, we introduce a formalism allowing a combination 
of the influences of all these parameters on the overall diffusion. 
To do so, we adopt the model of “two-region” diffusion which, 
in magnetic resonance imaging,[10] is in common use under the 
name Kärger equation.[11] It has originally been introduced as 
an approach for simplifying the analysis of pulsed field gradient 
(PFG) NMR diffusion data in beds of zeolite crystallites.[12]
So far, however, the application of this formalism to zeolites has 
remained limited since, in its original use, it did in fact only serve 
as a first approximation. We are now going to show that the “two-
region model,” as introduced half a century ago in a different con-
text, does indeed offer most promising prospects for serving as a 
standard and, hence, a starting point for analyzing and classifying 
mass transfer in hierarchically porous materials. The only specifi-
cation needed, within this model, is the existence of two (or more) 
interpenetrating pore spaces so that, at least in principle, guest 
molecules may cover infinitely extended diffusion pathways in 
each of the involved pore spaces, without interchanging between 
various of them. Overall diffusion appears in the combination of 
the diffusion paths of the individual guest molecules, composed 
of segments of displacements in the various pore spaces.
We begin with an overview of the experimental techniques 
applicable for diffusion studies in hierarchically porous mate-
rials in Section  2. Section  3 introduces the mathematical for-
malism of the two-region model (the “Kärger equations”), fol-
lowed by Section 4 showing the solution of the relevant equa-
tions under the conditions as provided by the various types 
of measurement. A summarizing discussion of the existing 
options of measurement and the challenges in translating them 
into reality, including their application to systems with extended 
interfaces,[6r] concludes our presentations in Section 5.
2. Diffusion Measurement of Guest Molecules  
in Nanoporous Materials
Depending the spatial dimensions over which diffusion phe-
nomena in nanoporous materials are recorded, one commonly 
distinguishes between microscopic and macroscopic measure-
ment. In microscopic measurements, the movement of the 
molecules themselves or the diffusion-induced evolution of 
their concentration is monitored. Macroscopic measurements 
are based on recording the diffusion-induced variation of “mac-
roscopic” objects, such as the total weight of the host–guest 
system, i.e., the integral over all local guest concentrations, in 
uptake or release experiments. Detailed representations of the 
various techniques with explications of their potentials and 
limitations may be found in the literature.[1b,2c,13] In the pre-
sent context, we confine ourselves to a brief presentation of the 
measuring principles and the primary data attainable in the 
respective experiments.
2.1. Microimaging
Up to date, the probably most direct and, hence, most informa-
tive view on the process of diffusion in the interior of nano-
porous particles is provided by microimaging via infrared 
(IR) and interference microscopy.[5a] Within a wider spectrum 
of—mainly spectroscopic—techniques[14] (see Section 12.1 in 
ref. [1b] for further details), these techniques are distinguished 
by their capability to record the evolution of intracrystalline con-
centration during molecular uptake and release[15] and/or cata-
lytic reactions.[16] Both IR and interference microscopy record, 
by their very nature, 2D maps of the integral of the local guest 
concentration along the observation direction. This, in turn, 
means no restriction on the applicability for 1D and 2D pore 
systems with the observation direction being perpendicular to 
the channel direction(s) since, in such systems, the concentra-
tion is only a function of the coordinates on the observation 
plain. The same situation may be achieved for 3D pore systems 
if the nanoporous particles are available as thin plates (see, e.g., 
ref. [16a]), with the top and bottom surfaces being impermeable 
to the molecules under study, but effectively transparent for the 
light beam used for observation.
2.2. PFG NMR
Within the given context it is sufficient to introduce the prin-
ciple of diffusion measurement via PFG NMR by adopting 
the classical view on the nuclei (in many cases protons, the 
nuclei of hydrogen) as a nuclear “spin,” i.e., as an elemen-
tary particle combining the properties of a magnetic dipole 
and a (mechanic) gyroscope. For a more detailed introduc-
tion to this subject we refer to the many textbooks available 
elsewhere.[1b,11a,17] Within our model considerations, under the 
influence of a magnetic field the individual spins perform a 
rotational motion (“precession”) around the direction of the 
magnetic field—like a gyroscope under the influence of gravity 
around the direction of the gravity. The frequency of the rota-
tion is proportional to the field intensity. In an ensemble of 
spins, the vector sum of each individual magnetic moment 
yields a net magnetization which, as each individual spin, 
rotates around the direction of the magnetic field. Rotating 
magnetization induces a voltage in a suitably arranged coil, 
which is recorded as the NMR signal.
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In PFG NMR diffusion measurement, over two small time 
intervals the constant magnetic field is superimposed by two 
inhomogeneous fields, the “field gradient pulses.” Because of 
the first one, the NMR signal is immediately extinguished since, 
as a consequence of the field inhomogeneity during the pulses, 
and hence the different rotational frequencies of the spins 
within the sample, the individual spins have lost their coher-
ence. They point to all directions and their vector sum, i.e., the 
NMR signal, has therefore dropped to zero. The second field 
gradient pulse (of identical duration and intensity) is thought 
to compensate this effect. This, however, is obviously only com-
pletely true, if the molecules (and hence the nuclear spins) have 
remained on one and the same position. Any movement of a 
molecule during the time interval t between the two field gra-
dient pulses will affect the overall magnetization in such a way 
that the molecule contributes to the re-established NMR signal 
only with the cosine of the angle between the direction of this 
particular spin and the average of all spins. PFG NMR signal 
attenuation may, therefore, immediately be noted as
, cos( ) ( , )dq t qx P x t x∫ψ ( ) = −∞
∞
 (1)
where q has been introduced as a measure of the intensity of 
the field gradient pulses (being proportional to their duration 
and amplitude). P(x, t) is referred to as the mean propagator[18] 
and denotes the probability (density) that a molecule, arbitrarily 
selected within the sample, has been shifted over a distance x 
in direction of the field inhomogeneity during time t, i.e., in the 
time span between the two field gradient pulses.
In a homogeneous, infinitely extended medium for mole-
cules undergoing “normal” diffusion, the propagator[1b,c,2c,9c,11a] 





P x t Dt
x
Dt







with D denoting the diffusivity (more accurately: the self- 
diffusivity or, equivalently, the coefficient of self-diffusion). 
Inserting Equation  (2) into Equation  (1) yields the commonly 
quoted PFG NMR attenuation
( , ) exp( )2q t q Dtψ = −  (3)
yielding, in a semilogarithmic plot as a function of the squared 
field gradient intensity q2, a straight line whose slope is pro-
portional to the self-diffusivity. With Equation  (1), the mean 
propagator is seen to follow from the primary data of measure-
ment, namely, the PFG NMR signal attenuation, as their Fou-
rier transform.[18a]
2.3. Measurement of Transient Uptake and Release
The conventional way of determining diffusion coefficients in 
nanoporous materials has been based on measuring the rate of 
molecular uptake or release following pressure variation in the 
surrounding atmosphere. Then, the diffusivities result as the 
best fit between the measured uptake and release curves, i.e., 
of relative uptake or release F(t) =  Δm(t)/Δm(∞) as a function 
of time, with the solution of the diffusion equation, i.e., Fick’s 
2nd law
, div grad ,c r t D c r t  ( ) ( )=  (4)
for the initial and boundary conditions relevant for the given 
experimental procedure. With the notation of Equation (4), iso-
tropic space as well as sufficiently small pressure (or concentra-
tion) steps is implied, so that the diffusivity (being, in general, a 
function of concentration) can be assumed to be constant. Then, 
molecular uptake and release follows as the integral of the con-
centration over the particle under study, Δm (t) = ( , )dc r t r
V
 ∫ . 
There are manifold options for the measurement of molecular 
uptake and release, notably including measurement of the vari-
ation in mass. Details of the procedure of measurement and 
a survey about its various modifications may be found in the 
relevant textbooks, including refs. [1b,13a–d], and [19].
It is important to note that, conventionally, transient meas-
urements of uptake and release[20] have been performed with 
the implicit understanding that guest concentration close to the 
outer surface of the nanoporous particles under study essen-
tially instantaneously reaches its equilibrium value as deter-
mined by the external pressure. It was notably due to the appli-
cation of the microscopic techniques of diffusion measurement, 
in particular by PFG NMR and microimaging, that today this 
assumption is known to be not generally fulfilled since, besides 
the intracrystalline diffusion, equilibration may as well be 
retarded by the existence of resistances on the external particle 
surfaces,[3a,21] including the formation of boundary layers as a 
general phenomenon occurring in solid–liquid processes.[22] In 
addition to the application of the techniques of microscopic dif-
fusion measurement, direct information about the existence of 
surface barriers may be attained in “partial” loading measure-
ments.[23] In this type of measurement, uptake or release exper-
iments are started before attainment of equilibrium, giving 
rise to a variation in the time constants, with characteristic 
differences between diffusion and barrier limitations.
3. Starting Equations of Diffusion in Pore 
Hierarchies
Hierarchically organized pore spaces may appear in manifold 
structural variants.[6d,f,k,n,o,24] Similarly diverse are mathemat-
ical formulae which are needed for an accurate reflection of 
diffusion in such systems. In the formalism introduced and 
applied in this communication, we confine ourselves to pore 
space hierarchies exhibiting certain patterns, which are typical 
for many hierarchically porous materials. The formalism may 
thus serve as a first-order approach for diffusion in hierarchi-
cally porous materials quite in general and, most importantly, 
it allows quantification of mass transfer in the various special 
cases that might become relevant in such complex systems.
The system is implied to consist of mutually interpenetrating 
pore spaces. Guest molecules undergo normal diffusion (i.e., 
following Fick’s laws) in each of these subspaces and are able 
to diffuse there over essentially infinitely long distances, with 
the diffusivities as relevant for each of the given pore spaces. 
There is, in addition, the option that, at any location and at any 
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instant of time, guest molecules may switch from one sub-
space to another, resulting in a corresponding variation of their 
diffusivity.
As a typical example, we consider diffusion in mesoporous 
zeolites (or, quite generally, in a system with a network of meso/
macropores permeating a microporous bulk phase), with the 
indices 1 and 2 referring, respectively, to the meso/macropores 
(to which, quite generally, we refer as transport pores) and the 
micropores. The unit volume, to which the concentrations c1(2) 
in the transport (micro-) pores are referred, comprises both 
types of pores and are sufficiently large in comparison with 
the (transport pore) diameters, so that their topology may be 
implied to be uniform all over the sample. This requirement 
has to be fulfilled already with diffusion analysis in materials 
of monodisperse porosity[15c] and has to be, correspondingly, 
extended for topologies that are more complicated. In all cases, 
it has to be implied that the unit volume is notably exceeded 
by the particle sizes. With all these conditions fulfilled, the dif-
fusivities (sometimes referred to as the “effective” diffusivities) 
may indeed be considered as genuine ones, irrespective of the 
numerous elementary mechanisms involved.
Within the thus described model, variation in the local con-
centrations in the transport pores (c1) and the micropores (c2) 












































− +  (6)
with the diffusivity D1(2) in the transport (micro-) pores and the 
mean lifetime τ1(2) of a molecule in the transport (micro-) pores. 
They combine the options that the change of the local concen-
tration (left-hand side) in one pore system with time is due to 
i) diffusion within the pore system (first term on the right-hand 
side), ii) escape into the other pore system (second term), and 
iii) access from the other pore system (third term).
We, further on, introduce the relative population of the mole-
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We note that, different from materials of monodisperse 
porosity where overall diffusion is generally perfect reflected by 
a single (in general concentration dependent) diffusivity,[15c] for 
the hierarchically porous materials knowledge of four parame-
ters is required, namely, the diffusivities in the two pore spaces, 
their relative populations, and the exchange rate between them, 
correlated by Equation (8). All of these parameters, as a matter 
of course, must be implied to be a function of both loading and 
temperature.
For meso/macro–microporous hierarchical systems one 
might, typically, presume the two following relations
11 2p p ≈  (9)
and
1 2D D  (10)
We refer to them in more detail in Section  4.1. Although 
we confine ourselves, in the following, to materials of only 
bimodal porosity, the extension of the presented formalism to 
three pore spaces interpenetrating each other is straightfor-
ward. Synthesis of such materials, for instance, macroporous–
mesoporous MFI-type zeolites, has indeed been shown to be 
possible.[25]
Let us conclude this section with discussing the options 
of an independent estimate of the parameters appearing in 
the two-region model. Taking care of possible complications 
during capillary condensation in the mesopores,[26] knowl-
edge of the adsorption isotherm in the purely microporous 
specimen and of the respective pore sizes in the hierarchical 
material is, as a rule, sufficient for a reasonable approach of 
the equilibrium values of concentration in the two pore spaces 
and, hence, of also p1. Knowledge of the transport pore size 
and the concentrations does, in addition, allow an estimate of 
the diffusivities in the transport pores by adopting the standard 
relations of molecular or Knudsen diffusion.[1a–c,9c] Diffusivi-
ties in purely microporous specimens may be considered as 
a first-order estimate of D2, notably as its upper limit. This 
has been demonstrated in PFG NMR diffusion studies with 
mesoporous zeolite NaCaA, where increasing blockage of the 
mesopores has been found to give rise to a (modest) reduction 
of D2 in comparison with diffusion in the purely microporous 
zeolites.[6i]
With Equations  (5) and (6), molecular exchange between 
the micro- and transport pores is approached by exponen-
tials, with the respective time constants τ1 and τ2. Under dif-
fusion limitation, exchange of a microporous body with its 
surroundings—i.e., in the hierarchical materials here under 
consideration, with the transport pores—is known to follow a 
more complicated time dependence. Its approach by an expo-
nential, however, is a commonly applied procedure, referred 
to as the linear driving force approximation.[1b] Within this 
approach, the time constant corresponds to the first statistical 






M t F F t t∫ ∫ [ ]( )= = −
∞
 (11)
In the given context, F(t) is the fraction of molecules which 
were initially located in the microporous space, but have 
traveled to the transport pores, at least once during time t. 
For spherical microporous particles of radius R, for diffusion-
limited exchange with the surroundings, the time constant of 
exchange (i.e., the first statistical moment)[1b,13a] is given by the 
relation
/ 15diff
2M R D( )=  (12)
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Equation  (12) serves, moreover, as a reasonable approach 
even for any non-spherical particles if R is understood as 
the radius of the equivalent sphere with the same surface-to-
volume ratio (A/V) as the particle under consideration, i.e.,
R V A3 /≡  (13)
Thus, with reference to exchange between the space of 
micropores (region 2) and that of the transport pores (region 1), 


























appears as a measure of the “thickness” of the space of 
micropores upon uptake from (or release into) the trans-
port pores. Vcryst  and V1 are, respectively, the volume of the 
crystal (particle) and the region 1 (i.e., the transport pores). 
A1 denotes the surface of the region 1, i.e., the interfacial area 
between the transport pores and the space occupied by the 
micropores.
Similarly as with the exchange between purely microporous 
particles and their surroundings,[3] the mean exchange time 
may be additionally enhanced by the influence of surface resist-
ances (surface “barriers”), referred to in already Section 2.3. As 
a consequence, Equation  (14) has to be considered as a lower 
limit. Under such conditions, the first statistical moment 
simply corresponds to the sum of the statistical moments of the 
contributing resistances which, in the case of surface barriers, 
would be given by the relation
/ 3barr 2M R α( )=  (16)
with α referred to as the surface permeability (or perme-
ance), defined as the factor of proportionality between the 
flux through the surface and the difference between the 
actual guest concentration close to the surface of the particle 
and its equilibrium value as determined by the surrounding 
atmosphere.
Being linearly proportional to R2, the contribution of surface 
barriers to the transport resistances, in relation to that of diffu-
sion, increases with increasing miniaturization. The prediction 
of surface barriers by molecular dynamic simulation is there-
fore of particular relevance to the study of molecular uptake 
and release with nanoporous nanoparticles.[27] Correspondingly, 
barriers along the interface between transport pores and the 
microporous bulk phase are anticipated to represent the main 
factor in determining the magnitude of τ2. Thus it makes sense 
indeed to consider the exchange time as an independent para-
meter. We note in conclusion that the exponential dependence 
of uptake and release becomes an increasingly better approach 
of exchange dynamic with increasing relevance of the surface 
resistances.
4. Case-Dependent Solutions of the Diffusion 
Equation for Pore Hierarchies
4.1. Microimaging with Pore Hierarchies
4.1.1. Solution for Microimaging and Overview of the Attainable 
Patterns
As a prerequisite for the optimum application of microimaging, 
the hierarchically porous material under study is required to be 
available as a thin plate with sealed (top and bottom) surfaces, 
so that molecular uptake and release is only possible through 
the edges. The uptake and release is, moreover, assumed to 
occur in 1D, corresponding with the 1D representation of dif-
fusion by Equations (5) and (6). Under such conditions, namely 
with crystals as extended plates and mass transfer mainly in the 
plane perpendicular to the observation direction, microimaging 
studies have been performed with, e.g., (purely microporous) 
zeolites of type ferrierite.[21c,28]
In the previous section, an entity of four parameters had been 
introduced to quantify mass transfer in pore hierarchies. We are 
now going to investigate the influence of these parameters on the 
experimental evidence expected to become available by micro-
imaging. We notably consider the situation typical for uptake 
experiments (which may be easily transformed into the situation 
relevant for desorption). The corresponding initial and boundary 
conditions, for which Equations (5) and (6) must be solved, are
, 0 0; 0 ; 1,2c x t x L ii ( )= = < < =  (17)
and
( 0, ) ( , ) ( ) ; 0 ;
1,2
,eq 1,eq 2,eqc x t c x L t c c c p t
i
i i i i= = = = = + ≤ < ∞
=
 (18)
where L has been introduced as the extension of the system in 
diffusion direction. The system is initially evacuated, i.e., free of 
guest molecules. At time t = 0 it has been brought into contact 
with an atmosphere of the guest molecules to be investigated. 
The pressure in the surrounding atmosphere is kept constant 
throughout the whole experiment, and ci,eq is the equilibrium 
concentration in the region i (either micro- or macroporous 
space), as introduced in Section  3. Over the concentration 
ranges 0 ≤ ci ≤ ci,eq covered during the uptake experiment, the 
diffusivities Di are assumed to be constant.
For facilitating the subsequent discussion, Equations (5) and 
(6) are nondimensionalized and rewritten using new dimen-
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is the time constant (the first statistical moment) of diffusion-
limited uptake for a purely microporous slab of thickness L and 
diffusivity D2.[1b,13a]
Full steps of the nondimensionalization, along with the 
information on the characteristic units (or scaling factors), are 
given in the Supporting Information. The initial and boundary 
conditions given by Equations  (17) and (18) are accordingly 
changed to
, 0 0; 0 1; 1,2C X T X ii ( )= = < < =  (25)
and
0, 1, ; 0 ; 1,2C X T C X T p T ii i i( ) ( )= = = = ≤ < ∞ =  (26)
Overall mass transfer is now seen to be affected by three 
mutually independent parameters, namely, α, β, and γ. The 
influence of the parameters α and β on overall mass transfer 
is easy to follow since both contribute to an enhancement 
of mass transfer, due to either an enhancement of the rate 
of mass transfer in the transport pores (α) or an enhance-
ment of the relative amount of fast-diffusing molecules (β). 
Depending on the host materials, with the given micro-, meso-, 
and macropore spaces, and the guest molecules under consid-
eration, the parameters α and β may exhibit a broad range of 
magnitudes. Examples of such estimates may be found in the 
literature, in particular in comparative studies with the results 
of PFG NMR diffusion measurements.[26d,29]
With α  = D1/D2  = 10 000 and β  = p1/p2  = 0.01 as typical 
values, we are now going to explore the influence of γ, i.e., the 
ratio of the mean lifetime in the region 2 (space of micropores 
in the hierarchically porous material) to the time constant of 
molecular uptake and release for a purely microporous mate-
rial of the same size. We do so by considering the solutions 
of Equations  (19) and (20) with various specifications of the 
exchange parameter γ. Variation of the exchange parameter γ 
may be imagined in a straightforward way to be accomplished 
by varying the magnitude of the transport resistance (the “sur-
face barrier”) at the interface between the micro- and transport 
pores. A first inspection of the resulting profiles and their evo-
lution in Figure 1 reveals the following features:
i) With increasing γ, i.e., with decreasing rate of exchange be-
tween the two pore spaces, uptake is observed to be slowed 
down.
ii) There is a characteristic change in the shape of the concentra-
tion profiles. For both (sufficiently) fast and slow exchange 
between the two pore spaces, molecular uptake is seen to 
mainly occur by the progression of diffusion fronts from the 
surface (at X = 0 and 1) into the interior. In between, there is a 
range (in the chosen example, visible for γ   = 0.03 and γ   = 0.1) 
where molecular uptake occurs essentially simultaneously 
spread over the whole system.
iii) In the extreme limits of slow and fast exchange (here for 
γ   ≤ 0.001 and γ   ≥ 10) the profiles become unaffected by the 
exchange rate between the two pore spaces.
4.1.2. Special Cases
Extra-Slow Exchange: We start our data analysis with consid-
ering the limiting case of extremely slow exchange, choosing 
γ   = 100 as displayed in Figure 1a. As a consequence of this low 
exchange rate, the amount of molecules moving from the trans-
port pores to the space of micropores has, obviously, remained 
negligibly small, in comparison with the amount of molecules 
diffusing only through the micropores. This is even true in the 
very middle of the system, so that overall uptake occurs via dif-
fusion through, essentially, the space of micropores, starting 
from the outer surface of the particle under study, i.e., at X = 
0 and X = 1. The profiles coincide, accordingly, with those cal-
culated for a purely microporous particle with diffusivity D2 as 
indicated by the broken lines. The same situation holds, as a 
matter of course, with also larger values of γ. The time constant 
of molecular uptake (first statistical moment) is, accordingly, 
that of a slap of thickness L with diffusivity D2[1b,13a]
/ 12extra slow exchange micro
2
2T T L D( )= =−  (27)
We shall employ this time constant as an approach of the 
time constant for molecular uptake and release of the purely 
microporous sample and, thus, as a reference value for our 
further discussion. Enhancement of the exchange rate between 
the two pore spaces in Figure  1b with γ  = 10 is seen to leave 
the profiles still essentially unaffected. Progressively more 
pronounced changes, however, are observed with further 
decreasing γ.
Slow Exchange: In Figure 1d, with γ = 0.1 the rate of exchange 
from the transport pores into the micropores is seen to be still 
slow enough so that, with the given values of D1 and p1, the 
transport pores may be completely filled before the guest mole-
cules start to escape into the micropores. Hence the guest con-
centration, essentially anywhere in the network of the transport 
pores, may assume its equilibrium value. On the other hand, 
exchange with the micropores is now fast enough, so that mole-
cular uptake in the micropores through the interface with the 
transport pores is much faster than uptake via the micropores 
through the external particle surface at X = 0 and X = 1, which 
was the dominating one in the limiting case of extra-slow 
exchange with γ   = 100 and 10 in Figure 1a,b.
Reconsidering Equations  (19) and (20) we note that, under 
these conditions, the first one, Equation (19), may be disregarded 
since the concentration in the transport pores is assumed to be 
at, essentially, equilibrium. Concentration enhancement in the 
micropores is, moreover, implied to be due to exchange with 
the transport pores rather than by diffusive flux through the 
micropores, so that the diffusion term on the right hand side in 
the second equation, Equation (20), may be omitted, yielding
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The equilibrium values of C1 and C2 (namely, p1 and p2) 







β= =ττ . Insertion into Equation  (28) finally yields the 
simple relation
1







= − −  (29)
Figure 1. a–h) The evolution of the profiles of the normalized guest concentration C (after nondimensionalization with an appropriate scaling factor) as a 
function of, again, the normalized coordinate X during molecular uptake in a hierarchically porous 1D system, characterized by the ratios α = D1/D2 = 10 000 
between the diffusivities and β = p1/p2 = 0.01/0.99 between the relative populations in the two pore spaces. The ratio between the mean lifetime of the 
guest molecules within the space of micropores and the mean uptake time by exclusively the space of micropores γ   = τ2/Tmicro is varied between 100 and 
0.0001, as indicated in the individual representations. Times are given as nondimensionalized variable T = t/Tmicro . The broken lines in (a) and (h) are the 
concentration profiles during molecular uptake by a (uniformly) nanoporous system of the same size with, respectively, the diffusivities D2 and p1D1 + p2D2. 
The broken lines in (e) are the concentration profiles resulting from Equation (30). In Section 4.3 we shall, once again, refer to these broken lines.
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With
1 exp /2C T T γ( )( ) = − −  (30)
as the solution of Equation (29) and the definition of the non-
dimensionalized variable T (Equation (S5), Supporting Infor-
mation), we finally obtain the exponential dependence of 
molecular uptake as known for the linear driving force
1 exp / 1 exp /2 micro 2C t t T tγ τ( ) ( )( ) ( )= − − = − −  (31)
This can be recognized as an immediate consequence of the 
incorporation of the exchange terms in Equations (5) and (6).
With Equation (31), the time constant of molecular uptake in 
the range of “slow exchange” is thus seen, somehow expectedly, 
to be nothing else than the molecular mean lifetime τ2 within 









T Tτ γ( )= = = = ×  (32)
where, with the second equality, we have made use of Equa-
tion (14). The last equality refers to the special case of γ   = 0.03 
as considered in Figure  1e. The broken straight lines in 
Figure  1e show the time dependence as following from Equa-
tion (31), in reasonable agreement with the results obtained by 
solving the complete set of diffusion equations, Equations (19) 
and (20), for diffusion in the hierarchically porous system.
The message provided by Equation  (31) may be further 
elaborated by inserting, into the defining equation γ = τ2/Tmicro 
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A( )≡ −  has been introduced as a 
measure of the extension of the space of micropores to be filled 
by molecular uptake through the interface with the transport 
pores. For providing a quantitative estimate of R2, we assume 
that the microporous bulk phase is uniformly permeated by 
cylindrical transport pores of diameter d. Each cubic unit cell of 
the microporous phase may thus be implied to contain a single 










where ε is the porosity, i.e., the volume fraction of region 1 
(space of transport pores) within the total volume. By inserting 
Equation (34) into Equation (33), uptake (and release) in hier-
archical pore systems under slow-exchange conditions is 
seen to accelerate either with increasing transport porosity 
when the pore diameter is kept constant or with decreasing 
pore diameters when the porosity is kept constant. This is 
the expected behavior since in both cases the extension of the 
microporous space, which has to be “supplied” through the 
transport pores, is reduced and, hence, also the time needed 
for filling. Making use of the common condition ε ≪ 1, the 
factor of uptake acceleration is found to be of the order of 
(εL/d)2.
Fast Exchange: With further increasing exchange, i.e., 
decreasing values of γ, the populations of the two pore spaces 
get finally into mutual equilibrium. Like with the largest values 
of γ, uptake must be expected to proceed with a diffusion front, 
starting from the particle boundaries at X = 0 and X = 1. How-
ever, now it occurs, with fluxes in both pore spaces weighted 
with the relative occupation numbers in equilibrium, at a 
resulting overall diffusivity given by the two diffusivities
100mean 1 1 2 2 1 1 2D p D p D p D D= + ≈ ≈ ×  (35)
The last equations are a consequence of the conditions 
p1/p2  = 0.01 and D1/D2 = 10 000 chosen for the considered example. 
The broken lines in Figure 1h have been determined for uptake 
by a purely microporous particle with the diffusivity 100 × D2. 
Their agreement with the solutions of the complete set of diffu-
sion equations for hierarchically porous systems as provided by 
Equations (5) and (6) or Equations (19) and (20) with γ   = 0.0001, 
confirms the validity of our reasoning. We note that the profiles 
for γ    = 0.001 shown in Figure 1g exhibit quite similar patterns, 
in accordance with our understanding that, under fast-exchange 
conditions, transient concentration profiles during uptake and 
release are not affected by a variation of the exchange rates.
Once again, for determining the time constant of mole-
cular uptake (the first statistical moment), we may use that of 
a slap of thickness L,[1b,13a] now, however, with the diffusivity 
p1D1 + p2D2 rather than D2, yielding
T L p D p D T
D






1 1 2 2 micro
2
1 1 2 2
micro
( )= +  = +
≈ ×
 (36)
The letter equality has been attained by inserting the ratio 
between the various diffusivities considered in the given 
example (Equation (35)).
Case Correlations: Transport enhancement in a hierarchically 
porous material in comparison with its purely microporous 
counterpart has been shown to be achieved along two essen-
tially different routes. Both are based on the prerequisite that 
the contribution p1D1 of diffusion within the transport pores 
to overall mass transfer significantly exceeds the contribution 
p2D2 by the micropores.
In one limiting case, referred to as “slow exchange,” transport 
enhancement (i.e., a reduction of the time constant of molecular 
uptake or release—see Equation  (33)) is brought about by a 
reduction of the “effective” particle size, which is not anymore 
the particle diameter but some smaller value brought about by 
the incorporation of the transport pores into the microporous 
bulk phase. With Equation  (34) in combination with Equa-
tion  (33), for cylindrical transport pores of diameter d and 
porosity ε, this reduction has been estimated to be of the order 
of εL/d, with L denoting the particle extension. The commonly 
used interpretation of transport enhancement by referring it to 
a “reduction of the diffusion path length” is thus, under slow-
exchange conditions, found to be indeed appropriate.
Under “fast-exchange” conditions, transport enhancement 
is correlated (see Equation  (36)) with the enhancement of the 
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mean diffusivity due to mass transfer in the transport pores. 
Now it makes no sense anymore to talk about a “reduction of 
the diffusion path length.”
In the two limiting cases, with Equations (32), (33), and (36), 
the time constants of uptake and release are seen to depend 
on different parameters. Under slow-exchange conditions, the 
uptake time scales with the square of the ratio between R2 and 
the particle size (Equation  (33)) or, respectively, the parameter 
γ (Equation  (32)). Under fast-exchange conditions, the uptake 
time scales with the ratio between the diffusivity in the region 
2 (D2) and the overall diffusivity (p1D1  + p2D2, Equation  (36)). 
Transport enhancement by a purposeful variation of the rel-
evant parameters should ideally be based, therefore, on the 
knowledge of the actual physical situation. Such information 
is indeed accessible via the transient concentration profiles 
during uptake and release, which show totally different patterns 
in the two limiting cases as demonstrated with Figure 1. Their 
potentials to record exactly such dependencies are opening up 
an important field for the application of microimaging via IR 
and interference microscopy.
Let us, in conclusion, refer to the summary of the different 
special cases and their quantification in Table  1. It quantifies, 
with the entries in bold, transport enhancement in the consid-
ered model system in the two limiting cases of slow and fast 
exchange between the two pore spaces. The table as well contains 
the values attained by using, under slow-exchange conditions 
(γ   = 0.03), the relation valid for fast exchange and, vice versa, 
under fast-exchange conditions (γ  = 0.0001), the relation valid 
for slow exchange. These estimates lead in both cases to too fast 
uptake times, namely to 0.01 × Tmicro rather than 0.03 × Tmicro  
and to 0.0001 × Tmicro rather than 0.01 × Tmicro, respectively. 
This finding follows the quite general principle of complex 
phenomena, where the overall rate is, as a rule, controlled 
by the slowest process. It may thus help to decide about the 
underlying mechanisms of transport enhancement when, e.g., 
direct evidence by inspection of the concentration profiles is 
not available. We shall come back to this reasoning in the con-
cluding chapter.
4.2. PFG NMR with Pore Hierarchies
We may start our considerations by use of the very same equa-
tions, Equations (5) and (6), which have already been the basis 
of discussing the various patterns of concentration profiles 
considered in the previous section. Now, however, on solving 
the diffusion equations, we have to consider the initial and 
boundary equations as required under the conditions of the 
PFG NMR experiment as explained and specified in Section 2.2 
with, notably, Equation (1). This is, in particular, to choose the 
initial and boundary conditions relevant for the determination 
of the mean propagator,[18] i.e., the probability (density) of mole-
cular shifts over a distance x, in the direction of the applied 
magnetic field gradient.
In order to directly transfer the concentrations as appearing 
in Equations (5) and (6) into probabilities, we use the normal-
ized concentrations ci,norm = ci /(c1,eq + c2,eq). Then, the relevant 
initial and boundary conditions, by which the solution of Equa-
tions (5) and (6) becomes the mean propagator, are
c x t p xi iδ( ) ( )= =, 0,norm  (37)
and
c x ti ( )= ±∞ =, 0,norm  (38)
δ(x) denotes the Dirac delta function. Choosing the limits 
x  =  ±∞ in the boundary conditions means that the extension 
of the particle under study is implied to significantly exceed the 
mean diffusion path lengths of the guest molecules within this 
particle.
We must have in mind that the primary information pro-
vided by PFG NMR is the attenuation ψ(q, t) of the NMR signal 
as a function of the pulsed field gradient intensity q. This is, 
with Equation (1), the Fourier transform of the probability dis-
tribution of molecular displacements, i.e., of the concentration 
profiles of labeled molecules starting from a joint origin, rather 
than the concentration profiles themselves as in microimaging. 
Therefore, the Fourier transform of the concentrations resulting 
from a solution of the diffusion equation for hierarchically 
porous materials has to be determined. For attaining these Fou-
rier transforms, we multiply Equations  (5) and (6) (now, with 





























where the first terms on the right-hand sides have been 
obtained by repeated integration by parts. ψi denotes the contri-
bution of the molecules in the region i to the signal attenuation. 
One has to be aware of the fact that, with the notation as given 
by Equations  (39) and (40), any influence of nuclear magnetic 
Table 1. Transport enhancement in a hierarchically porous particle in 
comparison with its purely microporous counterpart (coinciding with 
the limiting case of extra-slow exchange), represented by the uptake 
times in the limiting cases of slow and fast exchange. In addition 
to the actual values for two cases (written in bold, with reference to 
Figure 1e,h), the comparative values estimated via the relation for slow 
exchange under fast exchange conditions and, vice versa, the relation for 
fast exchange under slow exchange conditions are also given. The condi-
tions of α = D1/D2 = 10 000 and β = p1/p2 = 0.01/0.99 are chosen for the 
present communication.
Uptake time constant
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micro= +
(Equation (36))
0.01 × Tmicro 0.01 × Tmicro
(Figure 1h)
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relaxation on the signal attenuation curve has been omitted. 
This is easily seen to be allowed if, during the timespan of the 
experiments, signal attenuation due to nuclear magnetic relaxa-
tion is indeed negligibly small. The influence of nuclear mag-
netic relaxation can as well be left out of consideration if it is 
identical in either pore spaces. Otherwise, Equations  (39) and 
(40) have to be complemented by a relaxation term. Determina-
tion of the relevant diffusion parameters under such conditions 
becomes more complicated, but is still possible.[30]
As a solution of Equations (39) and (40), one obtains[1b,11a,12b,c]
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Thus, total PFG NMR signal attenuation (Equation  (41)) 
is found to be given by the superposition of two attenuation 
curves as typical for normal diffusion (Equation  (3)), with 
their diffusivities (D′1(2)) and relative contributions (p′1(2)) fol-
lowing (via Equations (42) and (43)) from the diffusivities in the 
two regions, their relative populations and the exchange rate 
between them. These are exactly the four parameters, which, in 
Section 3, have been demonstrated to be needed for the descrip-
tion of mass transfer in hierarchically structured pore systems.
As the limiting case of significantly large diffusion paths 
during observation time t (i.e., t ≫ τi), Equation (41) is reduced 
to a single exponential
q t q D tψ = −( , ) exp( )2 mean  (44)
with an effective diffusivity
D p D p D= +mean 1 1 2 2  (45)
emerging as the mean value of the diffusivities in the two 
regions.
One the other hand, for observation times much shorter 
than the mean lifetimes (i.e., t ≪ τi), signal attenuation exhibits 
the superposition of two exponentials, just as diffusion in the 
two regions was measured simultaneously, but independently 
from each other, in two separate samples
q t p q D t p q D tψ ( ) ( )( ) = − + −, exp exp1 2 1 2 2 2  (46)
The formalism based on Equations (5) and (6) has been intro-
duced for facilitating the analysis of diffusion measurement 
in beds of zeolite crystals.[12a] Regions 1 and 2 were assigned 
to, respectively, the molecules in the space between the crys-
tals and the interior of the individual crystals. On critically 
assessing the preconditions of the application of this model 
(as detailed in Section  3) to beds of zeolite crystals we easily 
come across a number of inconsistencies. They notably include 
that, within our model, there are no limitations in the diffu-
sion path lengths in both regions. This, however, is not the case 
with the region of intracrystalline diffusion where the diffusion 
path lengths are clearly confined by the size of the crystals. The 
two-region model has nevertheless been found to serve as a 
useful first-order estimate for reproducing the results of PFG 
NMR diffusion studies with beds of zeolite crystallites[30f,h,31] 
as well as in many more “compartmented” systems,[11d,30c,d] 
notably for organic tissues, with biological cells as the compart
ments.[11e,30b,g,32] It is this community where the formalism has 
become popular under the name Kärger model with, respec-
tively, Equations (5), (6), and (41)–(43) referred to as the Kärger 
equations.[10b,11a–c,f,30e,33]
We are now going to show that, with materials of hierar-
chical pore structure, we have a system whose transport proper-
ties are almost ideally compatible with the requirements of the 
two-region model of PFG NMR diffusion studies.
Diffusion in two-region systems consisting of transport 
pores permeating a microporous bulk phase may, gener-
ally, be assumed to proceed under the side conditions (see 
Equations  (9) and (10)) p1 ≪ p2 ≈ 1 and D1 ≫ D2. With them, 
Equation (41) is simplified to



























The conditions giving rise to this simplification are referred to 
as the “third limiting case,” which Zimmerman and Brittin have 
already mentioned in their classical paper[34] on nuclear magnetic 
relaxation in two-component systems. There, in place of the terms 
q2Di, appeared the nuclear magnetic relaxation rates 1/Tl,i (with 
i  = 1, 2 and l  = 1, 2 for the longitudinal and transverse nuclear 
magnetic relaxation rates, respectively).[12a,34,35] This limiting 
case is distinguished by the fact that, as a consequence of the 
extremely high values of the intrinsic diffusion (or relaxation) 
rate, overall diffusion (or relaxation) behavior may be found to 
be affected by a region whose population p1( ≪ p2) is negligibly 
small in comparison with the total entity of molecules contrib-
uting to the NMR signal. We note that, deviating from the situa-
tion considered with the starting equations, overall mass transfer 
depends on only three parameters since the relative population 
and the diffusivity in the transport pores appear only together as 
the product p1D1. Note that, in the “third limiting case” of PFG 
NMR diffusion measurement, the preconditions with reference 
to relaxation attenuation are less stringent since the mean life-
time in the region 1 is extremely short and, moreover, attenu-
ation due to nuclear magnetic relaxation can be expected to be 
anyway only very faint in the range of high molecular mobility.
With Equation (47), NMR signal attenuation is, once again, seen 
to follow an exponential. However, deviating from the situation 
described in Equation (3) for normal diffusion and in Equation (44) 
for a two-region system under the conditions of fast exchange, a 
semilogarithmic plot versus the squared pulsed field gradient 
intensity q2 does not necessarily yield, anymore, a straight line.
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Straight lines would, obviously, appear if the second term 
in parenthesis, p1D1/(q2τ2p1D1 + 1), is negligibly small in com-
parison with D2. This may occur either in a simple case that 
p1D1 ≪ D2 so that mass transfer along the transport pores does 
not anyway contribute to overall mass transfer, or for sufficiently 
large values of q2 so that q2τ2p1D1 ≫ 1. In the latter case, ln 
ψ(q, t) versus q2 would become a straight line and the vertical 
intercept of its extrapolated line would be exp( − t/τ2).
Alternatively, ln ψ(q, t) versus q2 would as well yield a straight 
line if q2τ2p1D1 ≪ 1 or τ2 ≪ 1/(q2p1D1), in which one recognizes 
the fast-exchange condition, yielding p1D1 + p2D2 ≈ p1D1 + D2 as 
the mean diffusivity. This has been the situation in PFG NMR 
studies with mesoporous zeolites where, as a rule, the observa-
tion times had to be chosen to be significantly larger than the 
mean lifetime in the region 2 (micropores) τ2.[6i,j,36]
As soon as the observation time approaches the order of the 
mean lifetimes in the pore systems, however, ln ψ(q, t) versus q2, 
will exhibit curvature.
As an example of such studies, Figure  2 shows the PFG 
NMR attenuation curves determined with n-hexane in binder-
less zeolite Y-type molecular sieve. Spherical granules of the 
zeolite Y-type molecular sieve[37] have been chosen as a model 
system for simulating the properties of hierarchically struc-
tured pore spaces. In the material under study, the continuous 
microporous phase is formed by an assemblage of zeolite crys-
tallites, interconnected by zeolite bridges generated in a sec-
ondary stage of crystallization. The space of micropores and 
transport pores (here: the free space between the microporous 
spaces) is, therefore, by far not as homogeneous as implied in 
the formalism of the two-region model, even given the fact that 
in PFG NMR diffusion studies the “zeolite bridges” between 
the various crystals have been found to accelerate mass 
transfer in comparison with binder-pelleted zeolite molecular 
sieves.[38] With the included PFG NMR attenuation curves, it 
is demonstrated that Equation  (47) indeed serves as a reason-
able estimate. Given the rather complex structure of the host 
material, complete agreement with the predictions based on 
rather simplified conditions can anyway not be expected. This 
refers, in particular, to the fact that data analysis via 
Equation  (47) implies uniformity of the material properties all 
over the sample, which is clearly not the case in reality.
By inserting the values p1 D1  = 4 × 10−10 m2 s−1, D2  = 
1.2 × 10−10 m2 s−1, and τ2  = 2 ms, which result in a reason-
able fit between the two-region model and the experimentally 
determined attenuation curves, into Equation  (14) one attains 
R2 ≈ 2 µm. In comparison with the image shown in Figure 2c, 
such a value may indeed be accepted as a reasonable estimate 
of the distance covered by the guest molecules within the space 
of zeolite micropores in between two (short) period of transpor-
tation within the transport pores.
Best fits are, obviously, attained with medium observation 
times of t = 8 and 11 ms. For shorter times, the calculated attenu-
ation curves show a less pronounced decay than observed in the 
measurements, while the opposite is true for larger observation 
times. Diffusivities are thus seen to decrease with increasing 
observation time. Such behavior, deviating from normal diffu-
sion, might be referred to the existence of statistically distrib-
uted transport resistances within the host material. Under their 
influence, the confinement “felt” by the diffusing molecules 
would indeed increase with increasing displacements.[6e,39]
4.3. Transient Uptake and Release with Pore Hierarchies
For elucidating the potentials of uptake and release measure-
ment for exploring mass transfer in hierarchically porous par-
ticles we can employ the calculations performed in Section 4.1. 
Now we have to go one step further by considering the uptake 
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Figure 2. a) PFG NMR attenuation curves for diffusion of n-hexane in binderless granules of zeolite NaY at room temperature and b) microscans 
of a granule of the zeolite material and c) its cross-section. The points in (a) are the experimental data (Exp.) and the lines are fitted curves (Fit.) of 
Equation (47) to the experimental attenuation curves, with p1 D1 = 4 × 10−10 m2 s−1, D2 = 1.2 × 10−10 m2 s−1, and τ2 = 2 ms.
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Figure  3 provides a survey of the thus determined uptake 
curves. They correspond to the various cases for which the 
concentration profiles shown in Figure  1 have been deter-
mined, with γ as a parameter. For comparison purposes, 
data are plotted as 1 − F(T) on a semilogarithmic scale versus 
T( = t/Tmicro). 1 − F(T), simultaneously, represents the relative 
loading during a desorption experiment.
Diffusion-limited uptake by a slab of thickness L (corre-
sponding to a 1D system of length L) and of intrinsic diffusivity D 
































For sufficiently large times, all terms with n  ≥ 1 become 
negligibly small so that, in a semilogarithmic plot versus t, 
1 – Fslab(t) becomes a straight line, with its backward extrapolation 
crossing the vertical axis at 8/π2 ≈ 0.81.
The dramatic change of the dependence between γ  ≈ 1 
(which, with Figure  1, has been identified as the transition 
range between “extra-slow exchange” and “slow exchange”) and 
γ  ≈ 0.01 (transition range between “slow exchange” and “fast 
exchange”) is truly remarkable, given the fact that all other 
parameters, notably including the equilibrium guest concentra-
tion in the nanopores and their diffusivities, remain identical.
Within the limiting cases of extra-slow exchange (γ  ≥ 10, 
uptake controlled exclusively by the diffusivity D2 in the 
micropores) and fast exchange (γ  ≤ 0.001, uptake controlled 
by the mean diffusivity p1D1 + p2D2 in both pore spaces), vari-
ation of the exchange rate does not affect anymore the uptake 
rates. Correspondingly, the plots of 1 − F(t) as obtained with the 
starting equations, Equations  (5) and (6), for diffusion in the 
hierarchical pore space are seen to coincide with those deter-
mined with Equation (49).
In the slow-exchange region, i.e., for 0.1 ≥ γ  ≥ 0.01, on the 
other hand, the molecular uptake and release has been found to 
follow the linear driving force model, Equations  (30) and (31), 
with the mean lifetime τ2 becoming the time constant (i.e., the 
uptake time).
As shown in Figure  3, uptake and release measurements 
are seen to be ideally suited for quantifying the enhancement 
of mass transfer in hierarchically structured porous materials. 
The theoretical expressions for uptake and release presented 
for the different special cases of transport enhancement, how-
ever, are seen to reveal only small differences. These differences 
are, moreover, most likely a consequence of the simplifying 
approach by Equations (5) and (6) and must be anyway expected 
to be masked by the variation of the material properties within 
a given sample, notably including the particle and pore sizes. 
The options of the uptake and release measurements for pro-
viding substantial insight into the origin of transport enhance-
ment must therefore be expected to remain limited.
5. Conclusion
Hierarchically organized nanoporous materials have proved 
to offer most promising prospects for transport enhance-
ment under maintenance of guest confinement within the 
micropores as a prerequisite for their application for matter 
upgrading by shape-selective catalysis or separation. Quantifi-
cation of the gain in diffusivity, however, is complicated by the 
structural complexity of such systems.
In order to quantify mass transfer in hierarchically porous 
materials, we have introduced a formalism referred to as the 
two-region model. It has found a broad range of applications 
in NMR diffusion studies with compartmented systems but, 
to the best of our knowledge, has not yet been used for a 
modeling of mass transfer in hierarchically porous materials. 
When applied to compartmented systems, the two-region 
model has some distinctive shortcomings, which gave rise 
to a series of papers dealing with its improvement. These 
shortcomings do not exist for its application to hierarchically 
organized porous materials with mutually interpenetrating 
pore spaces. This is, in particular, true with any materials 
consisting of a microporous bulk phase penetrated by a net-
work of transport pores. They have been in the focus of the 
present study. An extension of the applicability of the two-
region model to systems with “extended” interfaces[6r] is the 
topic of ongoing work.
While the transport properties of purely microporous mate-
rials, in addition to the particle size, are mainly determined by 
the diffusivity, mass transfer in hierarchically porous materials 
depends on, at least, four independent parameters, including 
the diffusivities in the micro- and transport pore spaces, their 
relative populations and the rate of exchange between these two 
spaces. As a consequence of this variety of influencing param-
eters, transport enhancement may be achieved by various 
mechanisms.
In the limiting case of “fast exchange,” molecular fluxes 
during uptake and release occur in both pore spaces in parallel. 
This gives rise to an enhancement of the diffusivity in compar-
ison with a reference material consisting of only the space of 
Figure 3. Relative uptake F(T) of guest molecules by a hierarchically 
porous 1D system as a function of nondimensionalized time T = t/Tmicro 
plotted as 1 − F(T) for various γ  = τ2/Tmicro. The values of γ  appearing in 
this representation are the same as considered in Figure 1 and F(T) are 
the integrals over the respective concentration profiles shown in Figure 1 
for the relevant values of γ  and T. The broken lines have been determined 
with Equation (49) and D equal to, respectively, D2 and p1D1 + p2D2 as an 
approach to the curves for γ   ≥ 10 (labeled as extra slow) and γ   ≤ 0.001 
(fast), and with Equations  (30) and (31) as an approach to the curve 
for γ  = 0.03 (slow).
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micropores, while the extension of space to be filled or emptied 
remains unchanged, i.e., the whole particle.
If, alternatively, molecular uptake along the transport pores 
is sufficiently fast, transport pores must be expected to be, 
essentially, filled before a major part of the microporous space 
is occupied by the guest molecules. Under such conditions, 
molecular uptake mainly proceeds via the interface between 
the transport pores and the space of micropores. Overall uptake 
time is, hence, controlled by D2 as in a purely microporous 
material. Now, however, the dimensions of the pore space to 
be filled by molecular uptake are dramatically reduced, namely, 
from the particle size L to a quantity referred to as R2, which is a 
measure of the range that the molecules typically have to cover 
on their diffusion path from the transport pores into the space of 
micropores for their complete filling (Equations (32) and (34)). 
Obviously, transport enhancement in pore hierarchies is, under 
such conditions, correctly referred to a dramatic reduction of 
the diffusion path length. Such a description, however, would 
not make much sense and might even be misleading in the 
opposite case, i.e., the case of fast exchange.
Experimental measurement of mass transfer in pore hier-
archies has to meet essentially two requirements, namely, the 
quantitation of transport enhancement in comparison with 
the purely microporous counterpart and the elucidation of the 
mechanisms, which have given rise to the observed enhance-
ment. The first requirement is most directly satisfied by uptake 
and release measurements, without an immediate access to the 
underlying mechanisms of mass transfer. This access is pro-
vided by the application of microimaging, which allows a clear 
distinction between the two limiting cases. While the limiting 
case of slow exchange is revealed by an essentially monotonic 
increase in loading, which is uniform throughout the particle 
(Figure  1d,e), fast exchange becomes apparent in uptake pat-
terns (Figure  1g,h) coinciding with those for adsorption by 
purely microporous particles.
Preliminary studies of monitoring benzene uptake and con-
version to cyclohexane in nickel- and platinum-loaded porous 
glass plates[16] by IR microimaging[5a] have already shown the 
potentials for such type of measurements. They will become 
applicable as soon as hierarchically porous particles of suitable 
structure, i.e., as thin plates with the (top and bottom) sur-
faces sealed for the molecules under study but permeable for 
light of the relevant wave lengths, are available. Preparation of 
such particles, suitably cut out of the zeolite material shown in 
Figure 2b,c, is in progress.
It should be mentioned that there exists an alternative way 
of distinguishing between the two limiting cases. By inserting 
either directly measured or estimated values of the relevant 
quantities into Equations  (32) and (36), it is possible to attain 
theoretical estimates of the uptake times in the two limiting 
cases. Following our reasoning at the conclusion of Section 4.1 
with reference to the entries in Table  1, this limiting case 
should be the more likely one, which gives rise to the larger 
time constant.
Differing from uptake and release experiments in combina-
tion with either microimaging or by monitoring mass increase 
in gravimetric measurements, PFG NMR is operating under 
equilibrium conditions, with its focus on the probability dis-
tribution of molecular displacements as a function of time. 
Data analysis is notably facilitated if the dimensions of the par-
ticle under study are much larger than the longest diffusion 
pathway. It is under this precondition that the formalism of 
PFG NMR (Equation (1)), combined with the starting equations 
of the two-region model (Equations (5) and (6)), leads to a set of 
theoretical expressions for the PFG NMR signal attenuation as 
provided by Equations  (41)–(43) which is, in the limiting case 
of sparsely populated transport pores of high diffusivity, simpli-
fied to Equation  (47). This relation offers immediate access to 
all parameters of relevance under the given conditions, namely, 
the diffusivity D2 in the micropores, the product p1D1 of the rela-
tive amount of molecules in the transport pores and their diffu-
sivity and the mean lifetime τ2 in the micropores. By choosing 
zeolite beads (Figure 2b) as a model system for illustrating the 
procedure we did at least comply with the requirement that the 
size of the particles under study notably exceeds the mean dif-
fusion path lengths during the PFG NMR experiments. Sample 
heterogeneities, as becoming visible in already the image 
(Figure  2c), and an associated distribution in intrinsic trans-
port resistances are, most likely, the main reasons giving rise to 
obvious discrepancies between the measured curves and their 
theoretical predictions (Figure 2a). Ongoing experimental work 
scheduled to be based on the application of mesoporous giant 
zeolite crystals of type MFI is expected to provide notably better 
agreement also in this respect.
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Appendix A. Supporting information 
This appendix provides the supplementary materials published as “supporting 
information” along with Publication 3.2, 3.3 and 5.2. Those three materials are presented in the 
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Figure S 1. Co-MOF-74 IR-spectra compared to Co-MOF-74 infiltrated with TTF.
Figure S1 shows the IR-spectra of Co-MOF-74 compared to Co-MOF-74-TTF. The typical peak of the 
ν C=O band can be seen around 1700cm-1. Around 3000 up to 3500cm-1 Co-MOF-74 shows the ν OH 
stretching, which can be attributed to the presence of –COOH groups as well as water molecules. 
This stretching is less intense for the Co-MOF-74-TTF material. We assume that the presence of TTF 
inside the pores results in a decreased water adsorption.
S-3
Figure S 2. Thermogravimetric analysis measurements of Co-MOF-74 and Co-MOF-74-TTF
Figure S2 shows the non-normalized TGA experiments of Co-MOF-74 and Co-MOF-74-TTF 
from 25 °C up to 650 °C. Co-MOF-74 exhibits a weight loss of 26.4 % under 100 °C. This weight 
loss is in good accordance with literature and can be assigned to adsorbed water molecules. 
According to literature1 the molecular formula of Co-MOF-74 is [Co2(C8H2O6)(H2O)2] ∙ x H2O, 
x marking the number of adsorbed water molecules. With TTF loaded into the structure this 
would be [Co2(C8H2O6)(H2O)2] ∙ x H2O ∙ y TTF, y marking the number of TTF molecules. By the 
weight loss up to 100 °C x can be estimated to be 6.8 in the pristine Co-MOF-74 and 1.2 in the 
TTF loaded MOF. In summary, Co-MOF-74-TTF exhibits a much lower weight loss of 5.7 % up 
to 100 °C, which leads to the conclusion, that Co-MOF-74-TTF is not able to adsorb the same 
amount of water as Co-MOF-74 due to TTF molecules that infiltrated the pores.
Determination of TTF content: The TGA experiments show a second weight loss between 
150 °C and 350 °C of 9.5 % of mass in case of the Co-MOF-74. This can be attributed to the loss 
of the two water molecules bound in the crystal. In the same range the mass loss of the TTF 
loaded MOF is much higher corresponding to 23.5 % of mass. If this is assumed to be the 
overlapping loss of crystal bound water and TTF desorbing and decomposing, the TTF loading 
can be estimated to be approximately 15 % of weight. 
S-4
Figure S 3. Co-MOF-74-TTF crystal indicating the two different phases of the material.
Figure S3 shows a typical Co-MOF-74-TTF crystal. Spatially resolved Raman measurements 
were performed in different areas of the crystal. As can be seen in the picture, the crystal 
possesses two different areas, one is slightly brighter compared to the other. The brighter area 
is contributed to the pure Co-MOF-74 phase (phase 1) and the darker one to the Co-MOF-74-
TTF phase (phase 2). Since phase 1 shows an increased occurrence at the centre of the crystals, 
we assume that the TTF did not soak completely into all of the long 1-dimensionale pores of 
the 100 μm long crystals.
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Figure S 4. XPS investigation of Co-MOF-TTF and Co-MOF-74 at the Co 2p edge. 
The Co 2p edge spectra are rather broad, but with TTF, the onset binding energy seems 
downshifted possibly due to changes in bonding environment. The S-to-Co atomic ratio 
evaluated from the XPS data is 6-7, meaning that there is more than one TTF molecules per 
cobalt provided that one TTF has four sulfur atoms.
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Figure S 5. IR spectra of Co-MOF-74 and Co-MOF-74-TTF measured at RT with 10, 20, 50, 100 and 200 mbar CO2.
IR spectra of Co-MOF-74 and Co-MOF-74-TTF were measured at a CO2 pressure of 10, 20, 50, 
100 and 200 mbar. The CO2 peak for Co-MOF-74 increases and broadens when higher CO2 
pressure is applied, while the CO2 peak for the infiltrated MOF is not significantly influenced 
by varying the CO2 pressure. This is probably reasoned in the successful infiltration of the TTF 
molecules.
S-7
Figure S 6. Short time I-V measurements of Co-MOF-74-TTF under CO2, CH4 and N2.
The gases were applied at 0 sec. The short time I-V measurements show that gases 
immediately give a response to the conductivity of Co-MOF-74-TTF.
S-8
Figure S 7. Raman spectra of Co-MOF-74-TTF single crystal under vacuum, CO2 and N2 atmosphere.
Figure S7 shows the changes in the Raman spectra of a Co-MOF-74-TTF single crystal when 
atmospheres are changes from vacuum to N2 and CO2. The characteristic modes of the MOF 
are shifted dependent on the applied gas.
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1. Material 
1.1. Synthesis of large ZIF-8 crystals 
The large ZIF-8 crystals have been synthesized at 135 °C in a U-pipe w ithin an autoclave in a diffusion-controlled crystallization. 
One leg of the U-pipe contained a mixture of zinc chloride and 2-methylimidazole dissolved in methanol. The other leg contained sodium 
formate in methanol. The tw o solutions w ere separated by a plug of (initially frozen) pure methanol. After 3 days, some hundr ed ZIF-8 
crystals larger than 100 µm could be collected. The Scanning Electron Microscopy (SEM) image of a selected crystal show n in Figure 













Supporting Figure 1 Scanning electron microscopy (SEM) image of the large ZIF-8 crystal. 
1.2. Synthesis of ZIF-8@6FDA-DAM MMM 
6FDA-DAM polyimide w as used as a polymeric matrix in the present MMM. 6FDA -DAM polyimide (Mw  = 271,876 g mol
-1, Mn ≈ 
121,875 g mol-1) w as purchased from Akon Polymer Systems. Prior to the membrane synthesis, the polymer w as degassed overnight 
at 453 K under vacuum in order to remove any adsorbed moisture. To prepare the ZIF-8@6FDA-DA M MMM, 2 mg of big ZIF-8 crystals, 
w hich w ere prepared in the Caro lab[1] (see also section 1.1 in Supporting Information), w ere dispersed in 0.8 mL of tetrahydrofuran 
(THF, 99.9%, Sigma Aldrich) and ultrasonicated (pow er = 50 W and frequency = 60 Hz) for 10 min. The biggest ZIF-8 crystals w ere 
previously selected by decantation in chloroform w ith the aim of preventing the possible presence of f ine ZIF-8 pow ders in the MMM, 
w hich can affect the subsequent IRM measurements. 80 mg of the 6FDA-DAM polymer w as then added to the ZIF-8 suspension. The 
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f inal MOF loading w as 2.5 w t% and the mass ratio solvent/(MOF+polymer) w as 90/10. The resulting suspensions w ere stirred for 12 h 
at room temperature. Before membrane casting, three cycles w ere carried out each consisting in 10 min sonication in an ultras onic  
bath, follow ed by stirring for 30 min. The viscous ZIF-8/polymer suspension w as then poured on a f lat glass surface and shaped as a 
150 µm thick f ilm under shear forces by a doctor Blade knife. Afterw ards, the solvent, namely THF, w as removed by evaporation  by 
natural convection at room temperature f irst, follow ed by vacuum treatment at 453 K for 24 h. 
In order to gain insight into the f iller-polymer adhesion, a Focused Ion Beam-Scanning Electron Microscopy (FIB-SEM) micrograph 
of the cross-section a 20 w t% ZIF-8@6FDA-DA M membrane has been made. For this membrane fabrication, ZIF-8 crystals obtained 
by electrochemical synthesis [2] have been used since the (very few ) giant ZIF-8 crystals provided by Prof. Caro became completely  
exhausted after preparation of the MMM w hich w as used for the IR microimaging measurements. SEM micrograph w as acquired after 
FIB-cutting a trench of 20x10 µm2 and 20 µm deep on the top surface of the membrane. It is show n in Figure S2. It becomes clearly  
visible that there is no apparent void space (or empty gap) betw een the f illers and the polymer. 
FIB-SEM experiment w as performed on a FEI Helios Nanolab 600 DualBeam microscope. The electron beam w as operated at 2.00 
kV at a current of 0.10 nA. The micrograph in Figure S2 w as obtained from the secondary electrons w ith a dw ell time of 3 µs. FIB -
cutting w as performed using a Ga ion source. First, a trench of 20x10 µm2 and 20 µm deep w as made at 30 kV and 9.3 nA on the top 
surface of the membrane. Subsequently, the cut-edge w as cleared up in an area of 18x1 µm2 and 20 µm deep, using a beam of 30 kV 





















Supporting Figure 2 SEM micrograph of the cross-section of a 20 wt% ZIF-8@6FDA-DAM MMM, prepared with small ZIF-8 crystals obtained by 
electrochemical synthesis[2]. Cross-section was imaged after FIB cutting a trench of 20x10 µm 2 and 20 µm deep on the top surface of the membrane. 
1.3. Sample activation 
A ca. 3mm × 3 mm sized piece of the big ZIF-8@6FDA-DA M MMM w as placed on the bottom w indow  of a cylindrical, optical-
quality quartz glass cell. Then, the cell w as heated to a temperature of 423 K at a heating rate of 1 K min -1 under vacuum (< 10-5 mbar)  
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1.4. IR absorbance spectra  
 
Supporting Figure 3 IR absorbance spectra of three different regions. The characteristic peaks for CO2 and ZIF-8 are indicated by black arrows.  
 
IR absorbance spectra at three different regions, namely “f iller region”, “polymer region” and “overall”, w ere measured by ad justing 
the position and size of the aperture. The absence of the ZIF-8 peak near 3140 cm-1 in the spectra of “polymer region” (pink color) 
ensures that there are no small, pow der-like ZIF-8 crystals in the measurement w indow , but only a large, single ZIF-8 crystal at the 
center of the measurement w indow . 
1.5. CO2 adsorption isotherms 























Supporting Figure 4 CO2 adsorption isotherm of  pure 6FDA-DAM poly mer (at 273 K) and ZIF-8 cry stals (at 303 K).  
 
The adsorption measurements on pure 6FDA-DAM w ere performed in a Tristar II 3020 Micromeritics equipment. Prior to the 
measurements, the sample w as outgassed at 423 K under dynamic vacuum for 16 h. The adsorption isotherm of ZIF-8 w as reported 
in the literature[3].  
2. IR microimaging experiments 
IR imaging experiments w ere performed on a Fourier-transform (FT) IR microscope (Bruker Hypersion 3000) connected to a 
vacuum spectrometer (Bruker Vertex 80v) w ith a polychromatic IR source[4]. The microscope itself is equipped w ith a focal plane array 
(FPA) detector w hich has an array of 128 x 128 single detectors w ith a size of 40 µm × 40 µm each. By magnifying the pow er of the 
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scanning objective to 15×, a resolution of ca. 2.7 µm × 2.7 µm w as obtained in the focal plane on w hich the sample, ZIF-8@6FDA -
DAM MMM, is placed. How ever, it is the upper limit of the special resolution, w hich is not easy to achieve in general, due to  sample 
extension in the observation direction (or z-direction) and tilted IR light beam path at a certain angle w ith respect to the z-direction. 
Each element of the FPA detector records an IR transmission spectrum. According to the Lambert -Beer Law  in Equation (1)[5], the 
concentration of guest molecules, CO2 in the present study, is directly proportional to the absorbance of the IR light at a specif ic 
w avenumber (or frequency) of the characteristic “absorption band” of the guest molecules [6]. 
 
𝐴 = − log 𝑇 =  log (
𝐼i
𝐼t
) =  𝜖 ∙ 𝑐 ∙ 𝑑                   (1) 
 
w here 𝐴 is absorbance, 𝑇 is transmittance,  𝐼i  and 𝐼t are intensities of incident and transmitted IR light, 𝜖 is absorptivity, 𝑐  is guest 
molecule concentration, and 𝑑 is thickness of sample (or path length of IR light). 
 
In the present study, CO2 molecules exhibit tw o absorption bands: one is a large absorbance near 2335 cm
-1 and the other is a 
relatively small one near 3695 cm-1. Since the band at 2335 cm-1 w as too high, being the upper part cut off, w e investigate the smaller  
band at 3695 cm-1. Above 200 mbar of CO2 pressure, the band w as detectable and large enough, compared to the noise level. It should 
be noted that the sample itself does not have signif icant molecular vibrations at this w avenumber at vacuum (see Figure S3).  
After the activation procedure described above, the IR optical cell (Starna Scientific Ltd,Infrasil®, w indow  inner diameter 19 mm, 
path length 5 mm) containing the activated ZIF-8@6FDA-DA M MMM w as mounted on the motorized platform in the focus of the IR 
microscope. The cell w as connected to a static vacuum system (stainless steel, ¼” Swagelok tubing and valves) consisting of a pumping 
station (Pfeiffer HiCube Classic), a dry turbo-molecular pump (Pfeiffer HiPace® 80), cylindrical gas reservoirs f illed w ith guest molecules , 
and pressure transducers w hich can measure the pressure in the range of 10 -6 to 104 mbar. 
To produce time-resolved, consecutive images (Figure 2), the uptake w as initiated by a pressure step of CO2, e.g. from 0 to 400 
mbar, in the gas phase surrounding the sample at 308 K. Each image w as an averaged image of 8 scans and it took us ca. 24 s for the 
measurement itself and additional ca. 30 s of the systematic delay due to Fourier transformation and required calculations for IR spectra. 
With the 8 scans and the inevitable time delay, w e w ere only able to produce tw o images during the f irst 100 s of the uptake process. 
How ever, it w as compensated by a high signal-to-noise ratio. By repeating the experiments w ith an empty IR optical cell w ithout the 
sample, the contribution of the gas phase to the signal w as measured. Then, the signal w as subtracted from the sample images to 
remove any contribution from the gas phase, thereby exclusively revealing the concentration of adsorbed CO2 on the MMM itself. 
For separate images at different pressures (Figure 3), 64 scans w ere captured to produce each image after a long w aiting time (ca. 
20 min), in order to ensure that the uptake w as complete and the measurement w as carried out at equilibrium. Since w e w ere no t 
investigating the evolution of CO2 concentration here, w e w ere not restricted to a low  number of scans. To improve the signal-to-noise 
ratio further the number of scans w as increased from 8 to 64. Again, the signal from the gas phase w as removed in the same manner  
as mentioned above. 
3. Molecular modeling 
3.1. 6FDA-DAM model 
Electrostatic potential derived partial charges w ere computed by DFT calculations considering PBE[7] functional and DNP [8] basis 
set as implemented in Dmol3[9]. Calculations w ere performed for monomer and trimer systems to ensure a transferability of the charges 
to larger polymers. Figure S5 show s an illustration of the monomer, w hile the non-bonded parameters of the force f ield are summarized 
in Table S1. 
The polymer model consisted of 6 chains of 9, 14, 17, 18, 25 and 40 monomers each. The size of this model is large enough for  
the polymer to occupy a volume that impedes the MOF surface to interact w ith its periodic images.  
This atomistic model w as validated by a good agreement betw een the simulated density and the X-ray diffraction pattern for the 
bulk w ith the corresponding experimental data. Asimulated density of ρpolymer = (1.36 + 0.02) g cm
-3 w as found to be close to the 
previously reported experimental and computed values [10] ranging from 1.33 and 1.36 g cm-3. Figure S6 depicts the X-ray diffraction 
pattern, computed by the Forcite Module in Materials Studio softw are [11]. Again, the shape and main peaks in the pattern are in good 
agreement w ith those previously simulated[12] and measured[13]. 








Supporting Table 1 Atom ty pes, LJ parameters and charges f or the 6FDA-DAM model. 































CA3 4,8 0.0417 3.88 +0.305 
CA4 26,30 0.0417 3.88 -0.425 
CA5 27,29,31 0.0417 3.88 +0.470 
CH0 7 0.0010 6.40 -0.502 
CF3 14,15 0.0417 4.73 +0.053 
CH3 32,33,34 0.1947 3.75 -0.080 
COO 16,18,21,23 0.1689 3.72 +0.369 
OCO 19,20,24,25 0.3924 3.05 -0.383 
NN1 17,22 0.0238 3.78 +0.1071 
OES Termination 0.1093 2.80 -0.102 
NA1 Termination 0.2206 3.34 -0.660 
HA1 Termination 0.0000 0.0 +0.330 
 




Supporting Figure 6 X-ray  dif f raction pattern f or the 6FDA-DAM model.  
3.2. Interface model 
The interface w as modelled by means of a methodology previously developed by some of us [14]. The model 6FDA-DAM was 
generated in a box of dimensions 50 × 50 ×  200 Å3. Tw o empty boxes w ere further added in the z-direction (perpendicular to the MOF 
surface), to give a f inal box w ith a 50 ×  50 ×  500 Å3 size. Ten different polymer configurations w ere generated by performing 5 cycles 
of 2 MD simulations each at the canonical ensemble w ith alternating temperatures Thigh and Tlow. Different values for Thigh and Tlow w ere 
chosen in order to obtain the different conformations. 
The ten polymer configurations w ere further equilibrated using the 21-steps MD simulations scheme proposed by Hoffman et al.[15]: 
7 cycles of 3 MD simulations each: (i) NVT ensemble, T = 600 K; (ii) NVT ensemble, T = 300 K; and (iii) NPT, T = 300 K, P = Pj (j=1, 
…,7: P1 = 1, P2 = 30, P3 = 50, P4 = 25, P5 = 5, P6 = 0.5, P7 = 0.001, all values in kbar). The chosen set of temperatures and pressures 
w as optimized for the pure polymer and transferred here as for other MOF/polymer interfaces [14, 16].   
After equilibration, the coordinates of the polymer w ere unw rapped in the z-direction, and the polymer and the MOF w ere put 
together in the same simulation box. A 21-steps equilibration of the polymer in the presence of the MOF w as defined as follow s: the 
protocol used for these simulations w as the same as in the previous step, w ith the sole difference that instead of conducting simulatio ns  
in the NPT ensemble, they w ere conducted in the NPnT ensemble, w ith n = z, the direction normal to the surface slab. Finally, production 
runs of 10 ns long w ere obtained in the NVT ensemble, using Berendsen thermostat [17] w ith a relaxation time of 0.1 ps. 
3.3. Analysis of the size of the porosity at the interface 
In order to measure the size of the pores, w e distinguished tw o regions of  the polymer (regions A and B, described above) and 
applied tw o different methodologies. The f irst one[18] consists of dividing the space in a 3D grid, counting the cubes as f illed or empty  
and probing the empty ones w ith a probe molecule of size of 1.1 Å, w hich w as found to be comparable to the results obtained by 
Positron Annihilation Lifetime Spectroscopy techniques. In the second method [19], the free volume is sampled by f itting a spherical 
probe of increasing radius. Both methods are expected to give s imilar results provided that the voids are sphere-like and that they are 
not interconnected.  Figure S7 show s the outcome of these analyses for region A on the left and region B on the right. The upper  
panels show  the number of pores as a function of their radius. As expected, the number of smaller pores is larger than that of the larger  
ones. How ever, the few  larger voids represent a larger free volume fraction than the sum of the many small voids, as can be appreciated 
in the middle plots, w ith a maximum peak for the 7 and 5 Å diameter voids for regions A and B, respectively. Pore size distributions  
obtained using the Bhattacharya method[19] are plotted in the bottom panels, and show  voids of up to 9 and 6 Å diameters for regions 
A and B, respectively. 




Supporting Figure 7 Top panels: pore number as a f unction of  diameter (method 1). Middle panels: f ree v olume f raction as a f unction of diameter (method 1). 
Bottom panels: pore size distribution obtained by  method 2.  
3.4. Radial Distribution Functions 
We have analyzed the interactions that hold the MMM and the polymer together by means of site-to-site radial distribution functions. 
The most relevant ones in terms of intensity and characteristic distances are show n in Figure S8. Interactions of about 3 Å length are 
established betw een several groups of the polymer (mainly methyles, O of carboxylate and CF3) w ith both NH and OH terminations of 
the ZIF-8 surface. 
 
Supporting Figure 8 Radial distribution f unctions between the NH (lef t)/OH (right) terminations at ZIF-8 and dif f erent f unctional groups at 6FDA-DAM. 
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4. Solid-state NMR experiments 
We have carried out solid-state nuclear magnetic resonance (SSNMR) experiments to study the ZIF-8/6FDA-DA M interaction and 
compatibility. Instead of the large, synthesized ZIF-8 crystals [1], the nano-sized commercial ZIF-8 crystals, Basolite Z1200, w ere chosen 
this time, in order to increase the possible interfacial region betw een the polymer and ZIF-8. Figure S9a show s 13C NMR spectra of 
ZIF-8 and 6FDA-DAM polymer as single components and of the resulting MMM. No line broadening effect and change of peak positions  
after embedding ZIF-8 in 6FDA-DAM polymer w ere observed. The MMM spectrum is simply a summation of the individual spectra of 
the tw o components as it w ould be expected for a physical mixture of ZIF-8 and 6FDA-DAM polymer. 
In Figure S9b, the 13C-1H HETCOR (heteronuclear correlation) spectrum of the ZIF-8@6FDA-DA M MMM, recorded w ith a 
reasonably long contact time for magnetization transfer, demonstrates that the interaction betw een the f iller and the polymer is very 
w eak and/or below  the detection limit. No correlation peaks betw een 1H signals of the f iller w ith 13C signals of the polymer or 1H signals  
of the polymer and 13C signals of the f iller w ere detected, thereby implying poor compatibility of the tw o components. Individual HETCOR 
spectra of pure 6FDA-DAM and ZIF-8are provided in Figures S10 and S11. Considering the high rigidity of the 6FDA-DAM polymer[20 ]  
and the large size of the synthesized ZIF-8 f iller[1] (>70 µm) above, the MOF/polymer compatibility of the particular ZIF-8@6FDA -DA M 
MMM measured by IR imaging is expected to be even poorer. It also implies possible presence of the “interphase” (betw een the f illers 
and the polymer) in the MMM, w hose permeability may be predicted w ith the 3-phase composite-medium modeling approach[21].  
All experiments w ere conducted on Bruker Avance 400 and 750 spectrometers at 1H frequencies of 400.167 MHz (magnetic f ield 
strength 9.4 T) and 748.75 MHz (17.6 T), respectively. 4 mm MAS probes w ere used at MAS rotation frequencies of 7 to 10 kHz. 13C 
CPMAS[22] experiments w ere recorded w ith a contact time of 1 ms, recycle delays of  3 s, and high pow er 1H decoupling using tw o pulse 
phase modulation (TPPM) [23]. Tw o-dimensional FSLG-HETCOR (frequency-sw itched Lee-Goldberg heteronuclear correlation) [24 ]  
experiments w ere conducted at room temperature w ith a long cross-polarization contact time of 2 ms to allow  for detection of long-
range connectivities, recycle delay of 3s and 128 t1 increments. RF field strengths w ere 172 and 125 kHz for 
13C and 1H, respectively. 
1H π/2 pulse length w as 4 μs, decoupling w as achieved w ith SPINAL-64[25]. Spectra w ere referenced to TMS, for 13C using tyrosine 
hydrochloride as secondary reference. 
 
 
Supporting Figure 9 a)13C spectra of  6FDA-DAM poly mer (bottom), MMM (middle) and ZIF-8 (top). The asterisks indicate spinning side bands f rom sample rotation. 
b)13C-1H HETCOR spectrum of  the MMM. The peaks corresponding to ZIF-8 and 6FDA-DAM poly mer are indicated by  blue and red lines, respectiv ely . The spinning 
side bands are indicated by  asterisks. 
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1. Analytical solution of the two-region model for one-dimensional diffusion problem 
Molecular transport in the two-region system (      and      ) can be described 
by combining Fick’s second law and the Chapman-Kolmogoroff equations 
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with the initial conditions 
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where      ,   ,    and    are positive constants, satisfying the following relations 
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1.1. Nondimensionalization of coupled, linear partial differential equations  
Set 
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where   ,   ,    are characteristic units (or scaling factors) of the corresponding variables and 
  ,   ,  ,   are their nondimensionalized counterparts. 
 
Inserting them into Equation S1 and S2 yields 
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For each equation, divide through by the coefficient of the time derivative term (     ) 
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Set 
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where        is time constant of uptake and release for a purely microporous, slab-shaped 
system of thickness   and diffusivity   . 
 
Now, the equations become dimensionless 
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The initial and boundary conditions of the new equations are 
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1.2. Obtaining homogeneous boundary conditions 
Set 
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We arrive at an initial-boundary value problem with homogeneous boundary conditions 
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with the initial conditions 
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and the boundary conditions 
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1.3. Fourier decomposition 
We seek the solutions   and   as sums 
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The solutions are 
      √    (   )          (S37) 
with the associated eigenvalues 
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The functions    (and   ) define a complete orthonormal system, which means 
〈     〉  ∫           
 
 
         
 
1.4. Calculation of  ( ) and  ( ) 
Inserting the sums (Equation S33 and S34) into the differential equations (Equation S27 and 
S28) yields  
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Since    are orthonormal, after scalar multiplication with one of the ’s, they become initial 
value problems 
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Using the abbreviations 
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Since this is a homogeneous system, the general solution of the system is the same as its 
complementary solution. 
 
Let    and    are the eigenvalues of the above matrix, i.e., the zeros of  
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From an elementary calculation we find the eigenvalues 
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where    and    are real constants. The non-zero vectors    and    are non-zero solutions of 
the system 
(
        
         
)            (S50) 
Therefore, the non-zero solutions of the system are 
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Appendix B. Author contributions 
In the study of ZIF-4 (Publication 3.1), I conducted single-component uptake 
experiments with IR microscopy (IRM). After measuring and analysing the uptake curves of 
n-alkanes (from ethane to n-hexane) at three different temperatures, their transport diffusivities 
were determined. I also carried out two-component uptake experiments, again with IRM, for 
binary mixtures of n-pentane and deuterated n-butane at three different compositions, in order 
to observe the “overshooting” phenomenon. The single- and two-component uptake 
measurements confirmed the presence of anomaly in the chain length dependence of n-alkane 
diffusion in ZIF-4. In addition, I measured adsorption isotherms of n-alkanes in fresh and aged 
ZIF-4 to study the aging effect on adsorption properties of the ZIF-4.  
In the study of Co-MOF-74 and its TTF-infiltrated variation (Publication 3.2), I carried 
out IR microimaging measurements and produced IR images of CO2 concentration in the 
samples at different pressures, thereby revealing a dramatic decrease of CO2 concentration in 
the Co-MOF-74 after the TTF infiltration. IR absorbance spectra of the two samples were also 
measured to confirm what is observed in the IR images.  
In the study of ZIF-8@6FDA-DAM MMM (Publication 3.3), I collected, via IR 
microimaging technique, time-resolved IR images of CO2 concentration in the MMM, in which 
the ZIF-8 filler acting as a transport “highway” was observed. Such transport pattern had been 
already predicted and reported in the literature, but was visually confirmed for the first time. 
Furthermore, I obtained separate IR images of CO2 concentration at equilibrium at different 
pressures to prove the formation of the high CO2 concentration layer at the filler/polymer 
interface. 
In the study of surface-coated MFI-type zeolite crystals (Publication 3.4), the uptake of 
isobutane was recorded by IR microimaging technique. By analysing the IR images, I obtained 
1D transient concentration profiles along the crystal’s longitudinal extension. Then, the profiles 
were further analysed by comparing with the profiles obtained by the numerical solution of 
Fick’s 2nd law. 
Publication 4.1 is a review article which narrates the history of PFG NMR, whilst 
stressing its remarkable achievement for the paradigm shift in our understanding of mass 
transfer in zeolites and other nanoporous materials. As the first author of the article, I reviewed 
the literature to collect relevant information and obtained permissions to reproduce/reprint the 
figures from the corresponding publishers. My own experimental results are also included in 
the article as an exemplary study.  
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In the study of hierarchically porous silica monolith (Publication 4.1), I conducted 
NMR cryo-porometry and -diffusometry experiments using nitrobenzene as a probe liquid. By 
monitoring the melting curves for different forms of the silica monolith, I measured its pore 
size distribution and determined the diffusivities in mesopores, macropores and meso-
macropores, respectively. 
Publication 5.1 is another review article proving the potential PFG NMR and IR 
microimaging, hence their complementary benefits. I reviewed the literature and prepared the 
draft of the manuscript. My own PFG NMR tracer desorption data are also shown in the article.  
In the theoretical study of the two-region model (Publication 5.2), I and Prof. 
Miersemann developed the formalism of the two-region model for hierarchically porous 
materials by solving its starting equations. Then, I modified the solution via 
nondimensionalisation and achieved the resulting concentration profiles using Wolfram 
Mathematica. I also fitted PFG NMR data of n-hexane in binderless granules of zeolite NaY 
with the original two-region model. 
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